Magnitude and Frequency Data for
Historic Debris Flows in Grand Canyon

National Park and Vicinity, Arizona

By THEODORE S. MELIS, ROBERT H. WEBB,
PETER G. GRIFFITHS, and THOMAS W. WISE

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations Report 94—4214

Prepared in cooperation with the
BUREAU OF RECLAMATION

Tucson, Arizona
1995



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Gordon P. Eaton, Director

Any use of trade, product, or firm names in this publication is for
descriptive purposes only and does not constitute endorsement by
the U.S. Government.

For additional information Copies of this report can be
write to: purchased from:

Regional Research Hydrologist U.S. Geological Survey
U.S. Geological Survey, MS 472 Open-File Section

Water Resources Division Box 25286, MS 517

345 Middlefield Road Denver Federal Center

Menlo Park, CA 94025 Denver, CO 80225



CONTENTS

ADSITact ....ccovvvereeneeiecninne
Introduction
Purpose and scope..........ccovnreen.
Units and place names
Acknowledgments.........coeceeeverrsnccereccrnenes
Debris flows in Grand Canyon National Park...........c.cccvevererirevenssnnns
Debris-flow transport of sediment to the Colorado River ..........
Effects of debris flows on rapids.............
Effects of debris flows on sand bars........
Methods Of STIAY.....cceeeietinenenresisescusensnrninecescssesenacesassssssessosssaensnesess
Delineation of geomorphically significant tribUArIEs .........cccveeetiiiennenienssmtssseneensstsssnenssecsassssssnes
Selection criteria fOr IMDULATIES .....cccvureucccierierniieeeneriserneresnstsesearenssesesssnsstssesssesssnssasassassnssasasases
Areas not assigned t0 IDULATIES........cucevuiveeerrreeerreeenirerieeseescesessnssenessesessssersssssssssssssasasssanrssasssses
Estimation Of AraiNage @reas..........ccceereeeerereeternesescsansesiesnsessnsessessssrsesasssnssesssssssassessssessssssensasassens
Delineation of eleven study reaches of the Colorado RiVer .........ccevvnrcreieerneneserenerenisersenne
Determination of frequency for debris fIOWS ........ocviireniiirsininencnereessisssessssssssssssasassssosssns
Repeat photography .......ccccecvrvreene coresens ceeeresstsasesstssbuenssnesassasstans coresererninsostorane weoreresanes ererrsessesssns
Radiometric dating techniques .............. ceenensetestseets st san e seese s st e e nunasanes ererernareeenessessssbenntasestess
Measurement of Sediment CHATACIEIISTCS . ....veverercrcrresresiesereraresessonesessssssesssesassssssasesssssssssssssessssasssses
POINE COUNLS ...cveuererernrereenrsesseresneneserssesesuasessssnssessssasasssenerssnssosssssssasosesesossranssssasasess crrencessnsessentane
Sources of particles >2 mm ........... rererreetesearens nsbesane e s sme st she e e eas st arereeresartene e sueraennensntrares
Largest DOUIAETS......ccoueemreeninerirerenercesraresteeesnestesecsessessssnerssuosensasssesssssssess sasssassanssssass sesessessansasaen
Dry-SieVe ANALYSIS.....eceuerecrererensseeseeerersssssorenesesssassssersssesessanssessassasses cerreseserasraat e tanesnererasnenases
Clay mineralogy.......cccecreenereenenenceecssressaesesneseasnereesaens . ereerenes et et e ea b e ses
Reconstitution Of Water COMIENL........cccverseeriereceseeesersesssssesoressssssssssssssseesessasesssssssssssasesasarsssssansons
Peak-AiSCRArE ESHIMAIES ....ccvrveererrerervrerresosemrseraressesessssnsssorsassesessosssesssasssassrossassasssassasasesassasssssesassans
SHEAMTIOW .vviveereieerernisincnresrses e s ssstenansaessseesesaesesesaesessenessesessesesassasensssasssn vressnensseneaasesaaaens
Evidence of debris-flow process and peak-discharge Stage .........oooveveeerereresesesererensecens
Sediment-yield ESHMALES ....vvccueuireerereeniseareessrsresscesseessesisersessssrarsassrssssesssessssssasasesessssssasssessssaress
Indirect estimates of debris-flow peak diSCRATEE .......ccvveierievnrenerernsnsecsmnressssssesssssesssaessassses
Superelevation and rUNUP ESHMALES ....cocvereeriesessesuriereseessssssssseseessrermasnssosessssssessseresssseses cereeuesesess
Geomorphically-significant tributaries of the Colorado RiVeT .........cccccivmerninicenncrensiecereninsseniiessseeecsees
Source areas and initiation mechanisms for debris flows in Grand Canyon.............ccceovereeerireerecrueseevensenns
Documentation of hiStoric debriS FIOWS. ......ucciervrsinecrinsieiesesssesisnseesecssssnessssessssonseesssssrosssssossssasssssssess
Magnitude and frequency data for specific tHDULAMIES. ......ccoveveeverrrenencriiirececreseerese st seeeeessesessnscsseaassssensns
Cathedral Wash (fiver mile 2.8-R) ....c.ccccvioinininiinecincsenicsnnenns et ssesesssesssesssssssessrsssssseons
Badger Canyon (river mile 7.9-R)......cccceevveccvenecrenns ettt assanse s s ne e bee s s
Soap Creek (river mile 11.2-R) .....cievevereerciiererrse e nncseseesesessnsenasssnasesecsessssasessnassseses creesesnesnasanens
House Rock Wash (river mile 16.8-R)......c.cueeieierenienierrrenrecnereaecserseseesssstesesessesessssssasssssssessassans
“18-Mile Wash” (river mile 18.0-L) ......ccoovurvererreeveeececnuanne cestesrerertaeeraneneas ceevsaenene verreresressessnse
DiSChAIGE ESHUIMALE.....c.ccevrrrvrieereenssaeossssrenssaesssssessosssossssessssssssossansessarssensassssensssssssesassaseressnssnssasess
Sediment characteristics .......coeeeseenne retseetest et et ssaesn st st anesesessasssssaansaens
Effects on the separation bar...........cccceeereeeeeernerereernnnnes reererereesen et era e et e esenese sunranaeaanensan
FICQUENCY .ottt csnsse s casaass s bsns s e bt st srens e st e e sasstre st sunbensassssssnssanns
Unnamed tributary at river mile 19.9-L ...t e seseceesssiserasassesesessosesesnessesasns
Unnamed tributary at river mile 30.5-R .......ccouivrrenininriieneree s seeesessssssssaesessesessesessesesesassnssessasaes
Nautiloid Canyon (river mile 34.7-L) ...cccceevveervereecennens cerereresrereares cerrrerbiessesaeseresrareaansnssrans
Unnamed tributary at river mile 42.9-L
Tatahoysa Wash (river mile 43.2-L) .................
Unnamed tributary at river mile 62.5-R

25
28
29
31
31
31
32
32
36
36
39
43
44
45
45
48
48
48
52
53

Contents i



CONTENTS—Continued Page

Sediment yield eStiMALE ........cevereverecrsenarensesesesens 53
Sediment characteristics ...........c.cc..... 53
Boulder ransport .......cccceeeeeeeeeeceerenes 53
Effects on the Colorado River 56
Frequency .....ceieciecorerenneesssessssesssacses 56
“Crash Canyon” (river mile 62.6-R) 56
S0UrCe area SEAIMENLS.......ccccvrriverireernesereeesesessneesesesmsssssssasesesssassosassassassessssasssasasesesesessss cvererene 56
Discharge estimates and sediment CHaraCteriStCS .. ..civveirvecrensissennsnscisesssessesicsesessessassesesesasnens 57
SHIE Aoererereeerereieineetseessestenssensssssssss seassasssanassasesesescssssasasssssssasas e smasessssssnsnssessrensasseassssesesens 57

SHE B uerereerurvrsrcenrirsersssesssessrssssassssssassesssassesmsassasassesssessressssassesssssssssensessssn TR, 58

SHLE Carrreeerretreete e e e s s eseressstese e ssaasnssstsuetsssaratosessassssesnsasrasasenasrotonesseassstesssssontnsssaans 59

SHEE Dcreverirererresnerreerisesssssssresesssasssssesssssssase st senssssesssssssssassrsssasesssssssennssssseessassresasssssasans 59

Site Ecveveercrnernraeene eeeteeeteee s et st s as e R s s etatsheRs SOt eRR S se e b SR eRS et sn Rt S SRS RS Ses R RS SE0Re 61

SUIMIMIATY ..vevenniririeeiiriarerisssesaeenessesrssessssnesssrsssassestessesssressessenssessosassassasesssssssssssrasessssesss 61
Deposition and characteristics of the 1990 debris fan ........c..ovicvnnincsrscnniisinnisieinnne. 62
Effects on the separation Sand DA ............cccccvuereeierieeieresssesnisesessesesssssssssesssasssassessessssasosseseasess 63
Sediment ChAraCIErISLCS .....ceveveveceereeiseneiteireiesessesess s seenaresesnssessesssassssassasessesesesaesasaesssserasasessaesase 63
FIEQUEICY  ovriieeeteetcecestcreestcnentseeeseessrsvesnensessanessnessssansatsasssaseossasseassnssasssstosennssnsnssstsas s stsstsss 65
Unnamed tributary at river mile 63.3-R .........ooveiiiicririnrinerncseniesereessssstsseresssssssssesssassassrsassssasessasasens 65
Estimate of Sediment YIEld.........cecvveeieeverrreereneesoncesenisnscenissnseerssssassenasassssssssnsssssessssssssssassssassasas 66
DiSChAIZE ESHMALES ........ecuereeeerieerenenseseseseseraresssserssessensssssssssesssesassasesesasasssessenasssssnasssesssass sssssases 66
SHIE B oot stsee s s ss s ssrestsssasanerentas s s e s saeae s ses e sananeR et e aneeasas s s eabehanare e s 66

N 17 N rerteserrssareasaennns reerse e ereas s st eteretr Tt ert s sR e Rt et et eta R rea et e s s R e e e snatares 66

SedimENt ChATACLETISHICS .......cveeeirererereiriserernesssseeirsesssssssssssasesssasesessserssessssesesssssnarassnssesassasasaseses 66
Effects on the debris fan and river channel .........coercvevcrennenrenenesssnssnissssseresnns reestrersssnressrsaens 69
FICQUENICY  cooiiriiiiienriccecce e s e csnsncsstsasseesestsassentenestonssesessesasssstasssratasastsassssases ssssnssasasassnens 69
Lava Canyon (fiver MIlE 65.5-R) ......ccecerervrrereneresrereiressrersseraressosssassessssasssssressssssssserassassosassassssesssssses 69
Palisades Creek (TVEr MIlE 65.5-L)......c.covererrceireiecsenrrarecresmmeerersessessssassasssssssssssssassessassesassssassessases 72
FIEQUEIICY  .ocvviriiiintiienieieniieeseaenesseiesensassnsssasenessenesessssssesaastsnesestonsassssnssensesssnatnsstonsassassassassassas 72
Effects On the Colorado RIVET ........c.veierieiierenasnnirinierssnsisssssasisasssmonssssasesaesss seesssesssassesssssssssassass 72
Espejo Creek (fiVer Mle 66.8-L).......ccccevererccinersesanneessisnesisssessrassssasasessssssssasessssssssssssssssssasssssasssssssese 72
Frequency .....ceeec... Gteetetentras et enteasanesestrtantene aete st s teoretstensorsae e srastete s et nteneabesesE SR SE SR e R SR RS R SRS 75
Tanner Canyon (TiVEr MIlE 68.5-L) .......cccceererrireiriieseaerenssescnesesessasesssseresssssrssssssssssessssassasssnssasasessss 75
DiSCharge CSHMALES ..cuuvvieirrarsenssunssseesnnsmsssassssassesssssssssssusssssassssssssssess ssssssssssassssssaesssasas verrrnsaranne 75
1993 debriS-fan VOIIME .........ccceveeeeeeercererrcsnsesesesessasssessseressasssssssssessassssssssnsseassarsarssssessasassssasassss 78
SedimENt CRATACIETISLICS ...c.ereeeerreersinierasessnarsoresrinenssssosmssnassonsuosessssassansarsrsesesnssssssssssnsanssensssssrssssns 79
FICQUENCY  wcoiiitieericiiriecerecereane s sacsesssrsaesesssesassassssossoatsessssssssssas sossssesasessasssssssnonstsnssaseassssssananss 80
Effects on the Colorado River .. reeseats et st saaeasars e aneraresssesssansrsusn cserrans 80
Cardenas Creek (river Mile 70.9-L)......cccvvnrcrrirenncssionennessieinesencasasssssssanssassesssssssssssssosssssasesesssss 81
Unnamed tributary at river mile 71.2-R ......ccnicciiicinminnnmnismmmsssmsnaes 81
DiSCRArZE ESUIMALE. .....cucevererernesrnrrrnacrreraceatrarsssersnssretosesssssanstosssnssmassassssasasssssncnsssessessessosssess sassesas 81
Sediment characteristics ......cveueerrcceesreseensnarsessoeens eeeneenaneesrennsrsssessnass .- 86
Effects on the Colorado River. ........ccccevevnerenne creesesansnsesenas crertessesnrensnsenennins cerereseesassseaessssasasanases 86
BOUIACT TANSPOIT .....ccvereeceereresreestsseerssessasssssassassnsssasssssestasssess sasasssssssessessasonsesncentorsasssssnosssens 86
FIEQUENCY  cooiereeiecenrinireccnenesesaesseeseesessessensesasssssessanssasessssnsns st ess seaesessssnsss sassnsssensssessesossosssssss srase 86
Unnamed tributary at river mile 72.1-R .........ccooeeerrceneariecninseesesescsscsnssesenes rrereereesansaranans 87
DiSCharge eSHMALES ....c.cuciceusivnsircscnesmssiisiesie st st sseressssssssesssssasssssasnssesssesassesess - 87

87

90

93

Deposition and reworking of the 1984 debris fan 93
Sediment characteristics 93
FIOQUENICY  wocriereerurcnirirensnriesesinenssrenssestesssssssesssssssesstsastonssssssentonsnss ssa sossasssssossasasse st sus ssssasasasassens 94
75-Mile Creek (fVET ML 75.5-L)....co ittt stessnseseseesessessessssssesssessesesssassrssssassesssassessnens 96

ii Contents



CONTENTS—Continued Page

The debris fIOW OF 1087 .......cvverieririnrenreresieseesmesesssasssssseriosseressesssrsssesssnsass sessscsssasssessssssosessssasns 96
DiSCHAIZE ESHIMALES. ....c.eeveerereieerireccireseesireressessssssessssssesserassenessesnssesaeessaesasssensssess sossasesesses 96

Sediment ChAraCIEIISHCS . ...ceerereeeeresreeceeererrereisesanaeseressesessssnsesesssenssnssssosaess sonsssossssssssssasens 97

The debris fIOW Of 1990........ccocrriirereiretecentiereeesenessereernssasesnesessssmsasessesasaesssassass ssssssnssssssensssssssss 97
DiSChArZe ESHIMALES. ....cuceeeeeeiaerrereeerraseensreseseesmsorsesessesssmssansanmsssassssssassssssstssorssssssssarsonsrasnss 97

Sediment CharaCteTiSLCS . ....oevureeerrreerereresesieseeraeseresesseseserassanssssassesssssssssssessesasenans sensesssasses 100
Deposition on the debris fan ...........cccceameienriecrereneerenenareseenmseseersssssesssessessesmsssssssssnssosssnes 100
FIOQUETICY «.eeveerrrcnnneeceenmrareseseessestocsoeasasssenanessesasssssass st sssssnass sassessasosessssesasesssssssss soserase 104
Monument Creek (TIVEr MIlE 93.5-L) ....covuvirrrrrresennsreresrsesersssessssssessersessssessessersossssssnessassssssssssssss 104
Boucher Creek (FIVEr Ml 96.7-L) .....couvceereeemnrervervnseererassesesssssesssssasassassessossossassssssssssesessessesssssssssnass 107
Effects on the TVET CRANNEL .........covcviieeseenenrennriinnensnsesnsnscsnsnsssessosaesssssssssossssesssssssessssssssssaesssns 111
Crystal Creek (fiver mMile 98.2-R)......cccueirereruneevssnnsnnnnmcsntmssnsssnsnemssssssisassssssesessssssssessssossessss sossesssssses 111
Sediment CRATACIETISLICS ......c.eveeererersesaereruessceniesmesesmesnsestesssnesssnersnsanssnesssasssisssssssssrerssessnsssssssansas 111
Waltenberg Canyon (fiver mile 112.2-R)....ccuciveciveicrentennnensernesensernessessennsesssosesssssessessnsssesasssessssssenss 116
119-Mile Creek (river Mile 119.0-R) ......ocecvieereireniceesenseeeesnaessesssssssessssssassessesssnensonssnnsassssassssas 116
Forster Canyon (Tiver Mile 122.7-1) c.....cciiuieeerereeirrinessssnncesnesasssssssnessssssssssnessassssssasssonssssuosssns 116
Discharge estimates ................. ereserasestasesessreeraes st e s en s s eraesnesen s sesen s e st an st e R a Rt e 117
SHEE A.eeereeeiteteerie e seeste eaetsasre et ste s e ssaesbessnebesesesesss o enanssa b st atebe e st seean s ave s sesbenarseaananersaeas 117

SHEE B .eireveceeneeeeeirsesesteesesesees et sassenssesesetstessss st sassasesesesaetsnesasnsessasassntesssesessanssosssnssesasnos 119

SHLE €ttt tesra e st et e st st e sbe et obe st stsan b sas st e s sr s et sbabe st ehesesnsun s er et enraeanrnernases 119

SedimEnt CRATACIETISLICS .......eceeererrrrerrereenererenssereseseesnionsansssssesarsesssessossessassansonsassastanessssssane sssensases 121
Effect on debris fan and FIVET .......ccocvcviveinicniiennreneccsicsnssessressensssssessesssssssessesesssssssasssassesassases 123
FICQUETICY ittt cecrane e st et st snest s st s e e s st s eae s br s besbs et s e sussuba st ssssbsbeeabasbsrass 123
Fossil Canyon (river Mile 125.0-L)c...ccccvnrieircvininnnsiiissisisssisssssssissssssessssssssssssssssssssssss 123
BOUIAET TANSPOTT .......ocovereereeiesrentreraesrenesessesnessarassessierssrsessanesessese aasasasssensese e sutansens sussssssssssssasass 123
FIEQUEIICY  coveieceeernesresestenssesnesesaesessesestensesenens snaneneastnsssasanessonessenssssnsesansassnsssnsssssosassassssssnnsssos 123
Unnamed tributary at fiver Mile 126.9-L ........ooeivreierenrinresesernenesesiessssesesesssmssesesssssessassssnssessnasass 125
DiSChArZe ESLMALE.......coveecersernrrsraetssseseresesessessnesesssssasmonsassrssssnssanssssnassessessessensasnastensossssesssenssasasssn 125
Sediment ChATACIETISHICS .....ccccceveerceicreneiserssresestesesseaesessesassesestssssessesssnessssssaressssssenssserasasasesssasses 125
FIOQUEIICY  covevieuivrrvirtenserneresesseesesessnssesseseessasassasensesssessesse e sessncss snassnens sross snasaserssss saessasarsassssnsasase 127
Unnamed tributary at river mile 127.3-L .......coiciiininniinienniinsnsicsnsniesnisisnsiesnscssssisassssacsssssessssssss 127
Estimate of sediment yield from DilISIOPES ....ccuvceeeereeerncrenecrrcsrienesseresrsrsnsssessesesesnsssossssossosoneos 127
DiSCRATZE CSHMALE.....crerrireerseererrneiseressesessssssessorsarsasresssssssasessestrsmntsnssssasasssssssasnassesssessasssesssassnsons 127
Sediment CRHATACIETISHICS ......cccceeireeriseeeeciireseeressssesesssesssnenessasessessesssnssesessaseseasesssstsssssrassssasanssns 131
Deposition Of the debris fan.........cccovviiinenicnieninnnrensiisesinessnesseseesssensssossssessosssssessssssssesessesss 131
Estimated volume Of 1989 debris fan.........cccuevevieveinercerencieecte st seerssssesesssnssenessenessssssossesess 135
FIOQUETICY  .ovvivecercrrintresenscestsesssencessnasessessssssesressesssesasasssnsassssssssssssnsssnssassensesensssesessssrssnstsossnses 135
“127.6-Mile Canyon” (fiver Mile 127.6-L) ......ccccceeeeerenrnieneereneneseneensssssesessesessesssessnsssnessssesasassssssancs 136
Estimates of sediment yielded from hillSIOPES .........ccereevinisiuninsissisinunesnesnssiesessessenens 136
Sediment ChATACIETISHICS .....cveveieeeererernsernesseersmsesnsessssmnsssonsass snsossnsnsesssssensrnssstsesesassossossesmanesssssseses 136
DISChATZE ESUIMALES ...vevvrreerererinsreresrererersssescorsssasnsssasserassesasssossersssssnssssssersonsessentasesssnssssssass suassons 137
STLE Aot s et se et st s st e e st st eaa st sre e s e arenta e e sa e st st e R sk ede e ese e aeasa s nsanrae nassens 137

SHIE B uourorerererreerrsunsensaeeeressssssessssssssssssssssesssesssssssesssnsnssssnsosenesesenssssnessssnesesssssss ssssstonssossasns 137

Effects of the 1989 debris flow ON the TIVET .......c.ceeerverrerieierirerseeiesersessns s sesseseeressssessssesessonssese 137
Volume of 1989 debris fan ........ccccevvevereriernreeriieniesiesesnressaressesceesnsnssssssssnsssssesassssassessessassasssssasns 137
FIEQUEIICY  cocveeeeererernreetreensetsseesesesseesscsrasnasassssonssassutatonanssstasossnanssssosts sasnsssssassssesstassessosssssssons 143
Specter Chasm (river Mile 129.0-L)......cveiennrennsismncnssmesssserosomssmssmisoisessssessesses 143
Bedrock Canyon (fiver mile 130.5-R).....cccecerrrenrcennininnnemsmennneenssnssesssnsessesssssmeassosssusssssssnssesesssseses 143
140-Mile Canyon (river mile 139.9-L)......cccccvrrveirenriniosnnsssennincssisninsmesssessssssssssmssssosssmsassessssnssssssacsns 148
Kanab Creek (Tiver Mile 143.5-R)......ccvveeerverenreereeresimessissasseseressesessssestsnssassssensessssssssssesanssessssssssssssons 148
Unnamed tributary at river mile 157.6-R .....ccoeimieriieeeiienrnrscceenieinsnesnnesessssesisssssssnsssssessssessssess 149
Volume of the 1993 debris fan and sediment ChAraCteriStics ........evreerererererneecnrensesssssssessessnssnses 149
Effects on the river CHANNEL ..........cocvoeeeeinincnnicencine e eraarssssessssesessssensresessnonssnsessassastsassasss 149
FIEQUEIICY  cuvevecceneenerenestseceseteesassasessestsassenesssossnanansacsssnssesussassssnssesasnsasstsssassssnsessonsassosassssss sasnsses 149

Contents ii



CONTENTS—Continued

Unnamed tributary at river mile 160.8-R.......c.ccceevveveriervrnnurnas reestsnssasnessessenssanaes
Prospect Canyon (river mile 179.4-L)
FICQUEIICY oottt sttt ss st s s se s eas e sbe e b sas e sen b sns b sbssnsnsa s e saesassaasaens
DiSChArge ESUIMALES ........cccverveeerveenreseersensescasseesvanrnessastnessosasssasonsssasatesanerorss sssssnensosasassssnsnses
Sediment ChArACIETISHCS ....ccoveeenierensrecerareosnremssnssssmssississsnssssssnesesssssassesasasssssssssnssssnsnsssennensans
Unnamed tributary at river mile 207.8-L .......cccceivirinievniiencnsisciiisssesssmssssesesenns

..........................................................................................

......

Sediment ChAraCIETISEICS ....cervierrireseseeresssersnenessnresessssssessosssssnsatanssensorssesnsnsssssssssrsssestssssssssseses
DiSCharge eStIMALES ..cucciiisnsiiintitinsoisi s st s s ssassnessassssessass st sasssssasstsssssanaseseseses
Volume of the 1991 debris-flow fan depOSit...........couerreernnrsnnrenenensnennsssesssesassssseseesssresens
209-Mile Canyon (river mile 208.6-R)
Unnamed tributary at river mile 222.6-L.
Unnamed tributary at river mile 224.5-L
Diamond Creek (river mile 225.8-L)
Discussion and summary of data
References cited
Appendixes

FIGURES

1

2.

3.

10.

11.

12.

13,

14.

Map showing the locations of debris-flow study sites along the Colorado

River in Marble and Grand Canyons, ATIZONA........coueesveserererasssesssrsnsensssescssncacsssssssesnses

Schematic diagram showing the morphology of a typical debris fan and rapid of

the Colorado River in Grand Canyon, ATiZONA..........ccovureersssrcessenssinsessisesesssssssssssssossassns

A stratigraphic column showing rocks exposed in Grand Canyon, Arizona, and
the distances in river miles downstream from Lee’s Ferry where they first appear

along the Colorado RIVET ........ccocvceemciennninininiense s sssss s s sssss ssessssssssssseseesens

Diagrammatic plan view and graph of associated flow relations found at a
typical site used to indirectly estimate debris-flow peak discharges in

Grand and Marble Canyoms..........c.coceeereerererieresneremesesssassosnsssessosmssesmsmssmasssesssassssasssssssssnes

Oblique aerial photograph of Badger Creck Rapid (river mile 7.9) and the mouth
of Jackass Creek (river mile 7.9-L) taken from the mouth of Badger Canyon

(river mile 7.9-R) 0n OCtoOber 4, 1958......ciciniinenriincnnenesisesisssmssssesesconsassiessassssease

Map showing the drainage of “18-Mile Wash” (river mile 18.0-L), a tributary

of the Colorado River in Marble Canyon ...........oicvininisessesencenssssisissesnsmssssnanss

Replicate photographs showing changes that were caused in the separation bar at

“18-Mile Wash” (river mile 18.0-L) by the debris flow of August 1987 ........cccccovcenneuen.

Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1987 at “18-Mile Wash” (river mile 18.0-L) .......ccccvevuveerervccernene

Map showing the drainage of an unnamed tributary of the Colorado River in

Marble Canyon at river mile 19.9-L......cininininiiinccceiscsisnssnsssesnssesnsenss

Graphs showing particle-size and source distributions of various deposits
associated with the debris flow of 1987 in an unnamed tributary of the Colorado River

in Marble Canyon at river mile 19.9-L........cccoovvreniicnninnnnsnenssenssessesesssesasassisesesees

Graphs showing particle-size and source distributions of various deposits associated
with the 1983 debris flow in an unnamed tributary of the Colorado River in

Marble Canyon at river mile 42.9-L.......ccconiiniiinnimcniircnciinnessscsessvssansssssesns

Graphs showing particle-size and source distributions of various deposits assoc1ated
with a 1983 debris flow in an unnamed tributary of the Colorado River in

Marble Canyon at river Mile 43.2-Lu.....ccouieenninnensccinenssiennneiennescsmensssessssessssssassosse saes

Map showing the drainages of an unnamed tributary of the Colorado River in

Grand Canyon at river mile 62.5-R and “Crash Canyon” (river mile 62.6-R)...................

Graphs showing particle-size and source distributions of a debris-flow levee
deposited by the 1990 debris flow in an unnamed tributary of the
Colorado River at river mile 62.5-R.....couniivnnniisniinnrcnsnesisnescssnesinscssesens

........................................................................................

.....................................................................................

.....................................................................................

............................................................................................

..........................................................................................................

............................................................................................................................

............................................................................................................................

iv Contents

......

......

------

------

......

......

........

........

........

........

........

........

--------

--------

........

-------

Page

155
155
156
167
167
169
171
171
176
176
176
177
177
182
202
206

21

26

33

38

42

46

47

49

50

55



FIGURES—Continued Page

15. Graph showing particle-size distributions of colluvial source sediments and
debris flow deposits associated with the debris flow of 1990 in “Crash Canyon”

(FAVET TIIE B2.6-R) .....eecereeeerericrerectirineseeseessssssesessssessssesssssnsssensssssessnsssasessssssasssnsaesessassssssassons 57
16. Longitudinal changes in peak velocity and discharge between sites A and E in
“Crash Canyon” (river mile 62.6-R) during the debris flow of September 1990 .........ccccrvevenee 62
17. Graphs showing particle-size and source distributions of various deposits
associated with the debris flow of 1990 in “Crash Canyon” (river mile 62.6-R) .........ccccouveneee 64
18. Map showing the drainage of an unnamed tributary of the Colorado River in
Grand Canyon at river Mmile 63.3-R.....cocvniininiiiinsssssessnsess s sssisssssesasssasanns 67

19. Graphs showing particle-size and source distributions of various deposits associated
with the 1990 debris flow in an unnamed tributary of the Colorado River in

Grand Canyon at river MIlE 63.3-R....cccccieerecreceniennionmssnisessseensssmessrerstesssssssssassosassasssssosass ssess 71
20. Map showing the drainage of Espejo Creek (river mile 66.8-L), a tributary of the

Colorado River in Grand Canyo.........ceeernisesiorsessiessesasssessessonsasmnsassssssssassssssssssssssassasssssoans 73
21. Maps showing study sites of the 1993 debris flow in Tanner Canyon (river mile 68.5-L),

a tributary of the Colorado River in Grand Canyon..........cceeeevereeerinresrsaesnessisessossesssssssanssasns 76
22. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1993 in Tanner Canyon (river mile 68.5-L).........ccveeverecnriseserssssssnaenssens 82
23. Map showing the drainage of Cardenas Creek (river mile 70.9-L), a tributary of the

Colorado River in Grand CANYON..........ccocceerereerersseseressssssasesesesssnsssessssesssassssssessnssssassssasssssnsse 88
24, Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1993 in Cardenas Creek (river mile 70.9-L) .......cccvveercrerccvernnseerecersanns 89
25. Map showing the drainages of unnamed tributaries of the Colorado River in

Grand Canyon at river miles 71.2-R and 72.1-R......currevirnrecenecenesecnsnaesesressenessssesssscssenes 91
26. Graphs showing particle-size and source distributions for various deposits associated

with the debris flow of 1984 in an unnamed tributary at river mile 71.2-R....c.cccceveevrvenvrcecvrnnns 92
27. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1984 in an unnamed tributary at river mile 72.1-R......ccccovrrevrirncrrans 98
28. Map showing the drainage of 75-Mile Canyon (river mile 75.5-L), a tributary of the

Colorado River in Grand CanyoOll.........oceceeesereuensrerrsssssessesssssssassssssssesssssassesssssesssssasassasssassssnans 101

29. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1987 that occurred in 75-Mile Canyon (river mile 75.5-L).....ccccccuece. 106
30. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1990 in 75-Mile Canyon (river mile 75.5-L)....c.cccoccrnnineanusnseeninessnces 110
31. A time series of replicate photographs showing the debris fan at 75-Mile Canyon

(TIVET MILE 75.5-L) cuteeciiercetiriessiseinaesienssssionssiesissssssssssssassessnssssssanestssssssssasssesasssssssssssasasssnsonss 112
32. Graphs showing particle-size and source distributions of various deposits associated

with debris flows that have recently occurred at Boucher Canyon (river mile 96.7-L).............. 118
33. Graphs showing particle-size and source distributions of the partly river-reworked

debris fan at the mouth of Crystal Creek (river mile 98.2-R) .....cccivevuerrvennsensseensonsiecssiserisassasass 120
34, Map showing the drainage of Forster Canyon (river mile 122.7-L), a tributary

Of the ColOTado RIVET ......cccovereeeerenereriresenssscscssssinesesestsnessestecsensstsssssessesssssesssssssssssassarsssserssenssss 122
35. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1991 in Forster Canyon (river mile 122.7-L)......ccccvcrveevemrrnercsrerescraennens 126

36. Map showing the drainage of Fossil Canyon (river mile 125.0-L), a tributary

Of the COLOrado RIVET .....cveeeeeeersiernessasrsresscsosmsenesescsecsnsassssssassnessnesssssessasacssssesesesssssmasssasasssnsass 128
37. Stratigraphic diagram of radiocarbon-dated debris-flow deposits in Fossil Canyon

(river mile 125.0-L), near its juncture with the Colorado RiVET .........cccviesinrecsincresnesnerenenne 129
38. Map showing the drainage of an unnamed tributary of the Colorado River

At TIVEr MIIE 126.9-Li......uouiecitiecriinncssisisiissssssssesisssiseseessssssesssssssssssasssessesessesssessnsnsaesssnas 130
39. Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1989 in an unnamed tributary at river mile 126.9-L.........ccccoccrvmunecs 132
40. Map showing the drainages of unnamed tributaries of the Colorado River

in Grand Canyon at river miles 127.3-L and 127.6-L........cccirvnrcccsrirircssisssesssessens 133

Contents v



FIGURES—Continued

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.
61.

62.

63.

Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1989 in an unnamed tributary at river mile 127.3-L......cccocevernuvernnnnees

Graphs showing particle-size and source distributions of various deposits associated
with the debris flow and streamflow floods between 1989 and 1993 in

“127.6-Mile Canyon” (fiver mMile 127.6-L) .....cccovviniirernescscnrnnenennesnenesnenssessssssssesssesnssssassassases
Replicate photographs of the debris fan at “127.6-Mile Canyon” (river mile 127.6-L). ..................

Replicate photographs of the debris fan at the mouth of Specter Chasm (river mile 129.0-L),

a tributary of the Colorado RIVET ... sesssnsssisssssesssasssso

Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of September 1989 in Specter Chasm (river mile 129.0-L) .......cccevrenceenne

Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of September 1989 in Bedrock Canyon (river mile 130.5-R)...................

Map showing the drainage of 140-Mile Canyon (river mile 139.9-L), a tributary of the

Colorado River in Grand Canyol..........covnciiniscnsisnnnssnssiis s sssssessesssessssssssssos

Graphs showing particle-size and source distributions of various deposits associated

with a debris flow of unknown age in 140-Mile Canyon (river mile 139.9-L).....c..ccccecrrecennn

Map showing the drainage of an unnamed tributary of the Colorado River in Grand Canyon

AL TIVET MULE 157.6-R ..ouceiiiecieiiiieceniereiecsneeseesesesseessassasessssssnessnasstessnesensesssessresssssasse sransssasess

Graphs showing particle-size and source distributions of deposits associated

with the debris flow of 1993 in an unnamed tributary at river mile 157.6-R.......ccccoorvnvirecneaes

Map showing the drainage of an unnamed tributary of the Colorado River in Grand Canyon

AL TIVET MILE L100.8-R ...t einans e s stesnsssassssersesaessassssssasssasesssensessnessnesnsesssonnas

Graphs showing particle-size and source distributions of deposits associated

with the debris flow of 1993 in an unnamed tributary at river mile 160.8-R....c.ccoevvvirnrvuincnns

Map showing the drainage of the lower 2 km of Prospect Canyon (river mile 179.4-L),

a tributary of the Colorado River in Grand Canyon............cccceercucncsenseisesisissssesesescsssesnnennsens
Oblique aerial view of Lava Falls Rapid (river mile 179.3)......cccovevvirviinnnnniiincnnninnnncisiaees

Hydrographs of the Colorado River during periods of river-reworking of the aggraded

debris fans at Lava Falls Rapid (river mile 179.3) .....ccvvmernererennnireneesmensnensnsssonsnssssssssansenas

Cross-sectional diagrams showing the evolution of channel cross section of
Prospect Creek caused by four debris flows and one hyperconcentrated flow in

1939, 1954, 1955, 1956, and 1963 .........crvmivenenisiiisniisssanssssinesssssisess s sssssssssesesssesssesssnss

Graphs showing particle-size and source distributions of various deposits associated
with recent debris flows between 1939 and 1963 in Prospect Canyon

(OVET MIIE 179.4-L). .ccererecerecrrenemeresnesesisiesensesassesestrassestessssassssasesssssansesns snssessssts s sssessesesasnes

Map showing the drainage of an unnamed tributary of the Colorado River in

Grand Canyon at river Mile 207.8-L .....cciccivirrerereceiecnrisruesseesasssnsenessmassrsissssessnsssssessomsensosesssse

Graphs showing particle-size and source distributions of various deposits associated

with the debris flow of 1991 in an unnamed tributary at river mile 207.8-L.......cccceeerreererurcnne
Replicate photographs of the debris fan of an unnamed tributary at river mile 222.6-L ..................

Map showing the drainage of an unnamed tributary of the Colorado River in

Grand Canyon at river Mile 224.5-L ...ttt sn s sass s st ssesens

Replicate photographs showing the debris fan of an unnamed tributary of the

Colorado River in Grand Canyon at river mile 224.5-L. .......ccccvieririnercrernscssmseessesssssssssssncanes

Graphs showing particle-size and source distributions of a sediment deposit associated
with a debris flow that occurred on an unknown date sometime between 1890
and 1965 in an unnamed tributary of the Colorado River in Grand Canyon

ALTIVET MULE 224.5-L....oenitiiirii e tinntcinsss it s st sss s essssssssesass st s sas e sabesan s sasss st snans
Replicate photographs showing the head of Diamond Creek Rapid (river mile 225.8)....................

Replicate photographs showing the Colorado River near the bottom of

Diamond Creek Rapid (tiver mile 226.0).......c.ccccoeememnirivemcsnnnennrsseseeenssssssnsisessssssssssesssosssenes

Map showing the distribution of major debris flows documented to have

occurred during the last century in Grand Canyon.......cccvcuemmnicinnenssmimumsmeoimsme.

vi Contents

Page

134
138
140
144
146
148
150
151
153
154
157
158

159
160

167

170

172
174

175
178

181

184

186
188

190

192



FIGURES—Continued

67.

68.

69.
70.

71.

72.

73.

74.

Graph showing a comparison of peak discharge versus drainage area for debris flows

initiated by different storms types in Grand Canyon between 1939 and 1994 .............ccccuenenee
Graph showing the percentage of each type of failure that initiated debris flows in

Grand Canyon between 1939 and 1994 ..........viinccinrencninnenenssesnssss s ssssresesasssssssssssnsssass
Graph showmg TCs activities for debris flows of known age.......... resseenesessteeerensas
Graph showing known dates of debris flows versus radiocarbon ages determmed

from associated organic materials collected on or in debris-flow levees........oeveveeivinnevcrisasanns
Graph showing velocity versus channel slope for peak discharges of debris flows

estimated using both superelevation and runup MEthods.........cceevvivererieeerenseinnnssimscimens
Graph showing the relation of total volume of debris-flow deposits versus drainage

area for debris flows initiated by different storm types in Grand Canyon between

1939°aNd 1994 .......ovioveeeeriericasiesnniessssss s e sescssssssasssessssssessassas rere et
Graph showing the relation between sediment volume deposited on debris fans

and the peak discharge of the debris flow in tributaries of the Colorado River

in Grand Canyon between 1939 and 1994 ... cinnninnnineiiensonesssssssissesssssessssosssesssases
Graph showing the relation between peak discharge and sand content for debris flows

that occurred in Grand Canyon between 1939 and 1994 ............ovvionrneccceneneesesnsnssmrsrensas s

TABLES

ol Al

10.

11.

12,

13.

14.

15.

16.

17.

Locations of major debris flows that have occurred during the last century in Grand Canyon........
Changes to rapids of the Colorado River in Grand Canyon interpreted from repeat photography ...
Sand bars in the Colorado River eroded or buried by tributary debris flows and (or)

streamflow floods between 1939 and 1994 ... eeverrecirnenrenensrensessrecsassosssssstsassesessssssnsnens
List of tributaries of the Colorado River in Grand Canyon that have been examined

a8 PArt OF thiS STAY ...cocrveiireriiscerriesniesiiscsemeresensstsssimsessnssssssssasssessesstassassesssssssosssnsessssssnsesssasson
Summary of study-reach statistics for drainage areas tributary to the

Colorado River in Grand CanyOll.........cccvcereeserverssnesransecsesssssssessecsssserassesnesssssssassassassssssssssnsssassas
List of historical photographs of Badger Creek Rapid (river mile 7.9), debris fans

at the mouths of Jackass Creek and Badger Canyon (river miles 7.9-R and 7.9-L),

and sand bars bElow the TAPIA ......ccvcceiirrieicrsnisesrisneninesniressesnessssessosssstsssssssasessasassasessssens
List of historical photographs of Soap Creck Rapid (river mile 11.2), the debris fan

at the mouth of Soap Creek (river mile 11.2-R), and sand bars below the rapid (river mile 11.3)....

Indirect peak-discharge estimate for the streamflow flood of July 1987 in

“18-Mile Wash” (river mile 18.0-L), site A.... reeeresseeraesateseraesaresserasrastatertetateraasreserasasare
Summary of clay mineralogy of less-than 2 um subsamples of matrix from selected
recent debris flows in Grand CANYOM ........c..civeennrerereenserniseesassarsersesessestossransssesessssssossesssnssrass

Indirect peak-discharge estimate for the September 1990 debris flow in “Crash Canyon”

(river Mile 62.6-R), SHE A .....cccoierreriermeseseeennressssasesssnssrsmsesesssssesssssssarsssassnossnossssssassssassossssaenes
Indirect peak-discharge estimate for the September 1990 debris flow in “Crash Canyon™

(river Mile 62.6-R), SHE B .....cvveeereriiernreesecrenrnermnresssnesssrsssesssssssesssesssersestossssnssssssonsssssassssesssrass
Indirect peak-discharge estimate for the September 1990 debris flow in “Crash Canyon”

(river mile 62.6-R), SIe € .c..uurivcrreininnsiniiisiinescisiesnie st st st sissssssssssssasssasbssessasssssasasaesen
Indirect peak-discharge estimate for the September 1990 debris flow in “Crash Canyon”

(river mile 62.6-R), SIE D .....coccuivecrrrerernienesesnesnnssseesssssossssssnsscsssessnassssssosssssssssssssssesssssssanansos
Indirect peak-discharge estimate for the September 1990 debrxs flow in “Crash Canyon”

(river mile 62.6-R), SILE E......ccccvvveriverinmeessesnnermsnsnsseeressesteressessesnessasssrerssssssnssssss srassesssssesssssssasne
Indirect peak-discharge estimate for the September 1990 debris flow in an unnamed

tributary at river mile 63.3-R, Site B ..cvciviiiniicrinninincisnn st sensesssssssassssssssssssssessassasssses
Indirect peak-discharge estimate for an ancient debris flow in an unnamed tributary

atriver mile 63.3-R, Site B ....cuvcvriverieminiiissnescsmiiimsenssissssisssscssssssisssssessesesesssasasssss
Indirect peak-discharge estimate for the September 1990 debns ﬂow in an unnamed

tributary at river mile 63.3-R, SIE A .....oiveviivererererccreereetnintreesesresssesssesessneseressssssesressmasssesasseses

Page

193

194
195

195

197

199

202

14
18

29

34
37

39

58
59
60
60
61
68
68

70

Contents vii



TABLES—Continued

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30

3L
32.
33,
34.
35.
36.
37.
38.
39.
40.
41.
42,

43.

Indirect peak-discharge estimate for an ancient debris flow in an unnamed tributary

At TVEr MIlE 63.3-R, SILE A ...covverrverrvecrenrrrirererssecssesssnesssesencorsecssnsssssenssrssssasasassssases

List of historical photographs of Lava Canyon Rapid (river mile 65.5) and the debris

...................

fans at the mouths of Palisades Creek and Lava Canyon (river miles 65.5-L and 65.5-R).........

Indirect peak-discharge estimates for the August 22, 1993 streamflow flood in

Tanner Canyon (river mile 68.5-L), Sit€s C-E.......cococersinsmriresrsessessssenssasesessesssesesess

Indirect peak-discharge estimate for the August 22, 1993 debris flow in

Tanner Canyon (river mile 68.5-L), Site A ........ccccveevueeerersnrensnseereseseaseeans
Indirect peak-discharge estimate for the August 22, 1993 debns ﬂow in

Cardenas Creek (river mile 70.9-L), SIte A ......ccecevvecnrverrerenernmmrierisssoressreressesssssese

Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed

tributary at river mile 71.2-R, SIt€ A ....oovvverninrrsnsnssnsnansisenssssmenessmesessssssssons

Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed

tributary at river mile 72.1-R, Site B ....cccovenrerireectreesirentsnsssnese s sne e st snnannas

Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed
tributary at river mile 72.1-R, Sit€ C ...ccvrmrrcnrueriiscesnrncarssesscsassessosissane

...................

...................

...................

-------------------

...................

Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed

tributary at river mile 72.1-R, SItE D ...corvicrrnnesinnnnrinnninnnnnnisnnsssnensissessssssssassasrens

Indirect peak-discharge estimate for the streamflow flood of August 1987 in

75-Mile Creek (river mile 75.5-L), SI€ C uvuvurrverrerrerveresrnrmreessnrsorsoressosssssorassessessere

Indirect peak-discharge estimate for the August 1987 debris flow in

75-Mile Creek (river mile 75.5-L), SI€ A c.ovveveeevuernrensreesseseesnssesnesssesassessesssesesensas

Indirect peak-discharge estimate for the August 1987 debris flow in

75-Mile Creek (river mile 75.5-L), SIt€ B ....ccvverivsireirrieisienessieesessessessssrssessesssssens

Indirect peak-discharge estimate for the streamflow flood of August 1987 in

75-Mile Creek (river mile 75.5-L), SIte D .....cuceireeccrenineeiarnrenieesiesesenssessnsssasesssssnsasssessssesssnnannas

Indirect peak-discharge estimate for the streamflow flood of August 1987 in

75-Mile Creek (river mile 75.5-L), SHE E .....cuvvvreeecercceeierirrceesnsnenssesnesssennssssssnns

Indirect peak-discharge estimate for the August 1987 debris flow in

75-Mile Creek (river mile 75.5-L), Sit€ F......cvverviveerienecrecenienenveresinserssssessersanes

Indirect peak-discharge estimate for the August 1987 debris flow in

75-Mile Creek (river mile 75.5-L), SI€ G ...cuveerereirnrerenrereraerersinsrnsnernisssersesessssessoses

Indirect peak-discharge estimate for the September 1990 debris flow in

75-Mile Creek (river mile 75.5-L), SItE A ...vevvererrereerererinnerenseersasessessssasssssersesseses

Indirect peak-discharge estimate for the September 1990 debris flow in

75-Mile Creek (river mile 75.5-L), Sit€ Ho....ocovvreiervvinievecrernrerermsessnisnressecsessssesrnes

Indirect peak-discharge estimate for the September 1990 debris flow in

75-Mile Creek (river mile 75.5-L), Sie L..co.uvevvierereeenrernneennarennensenersessssersessenses

List of historical photographs of Nevills Rapid (river mile 75.5) and the debris fan at

the mouth of 75-Mile Creek (river Mile 75.5-L) ..ouvvveerirenrcrninnernnsinsernssessessessersernes

List of historical photographs of Granite Rapid (river mile 93.5) and the debris fan at

the mouth of Monument Creek (river mile 93.5-L) ..cvvveevcveieeernnesnesenesesseesneenns

List of historical photographs of Crystal Rapid (river mile 98.3) and the debris fan at

the mouth of Crystal Creek (river mile 98.2-R) .....cccocecvrsirurnnnccensenncnssisessssesnsas

...................

...................

...................

...................

...................

...................

...................

...................

...................

...................

...................

...................

...................

List of historical photographs of Waltenberg Rapid (river mile 112.2) and the debris fan at

the mouth of Waltenberg Canyon (river mile 112.2-R) ......ccocremecrinrvmsnensnsnssencssesencsssensanses

Indirect-discharge estimate for the September 1991 debris flow in Forster Canyon
(river mile 122.7-L), Site A .....coveimrrecerercessnirnnsnssnssesssessesmansassssesssssnssasensssssoness

............

Indirect peak-discharge estimate for the September 1991 debris flow in

Forster Canyon (river mile 122.7-L), Site B......cccoocommrnseiienscccrenincrcsnencrenssssrensns

Indirect peak-discharge estimate for the September 1991 debris flow in

Forster Canyon (river mile 122.7-L), Site C.......ceccuemseereccsessensnsnsssesnesemsasescsssossns

Indirect peak-discharge estimate for the September 1989 debris flow in
an unnamed tributary at river mile 126.9-L, Site A........ccccevmreeeecmernescresesrneensaessenes

...................

...................

............

viii Contents

Page

70
74
78
79
85
90
94
95
95
102
102
103
103
104
105
105
108
108
109
109
115
117
121
124
124
125

131



TABLES—Continued

45.

46.

47.

48.

49.

50.

5L

52.

in association with 20th-century debris fIowS......covvmniiiii i
53. Indirect peak-discharge estimates for the debris flows of 1939, 1955, and 1963
in Prospect Canyon (river mile 179.4-L) measured at cross-section A-A’ .........ccceereeerenes
54. Indirect peak-discharge estimate for the September 1991 debris flow in an unnamed
tributary at river mile 207.8-L, SIte A .....cccvceereerremrcrcnmsnnecsnesersssssesnssnsesssassnssassssasssssssesesen
55. Indirect peak-discharge estimate for the September 1991 debris flow in an unnamed
tributary at river mile 207.8-L, SI€ B...ccecvcerrrerirmernsrinricssessesessssrismesonsssseresssssssrarssessssssssoses
56. List of historical photographs showing Diamond Creck Rapid (river mile 225.8) and the
debris fan at the mouth of Diamond Creek (river mile 225.8-L) .....ccuvveveveevsennenessnernsnnrenas
57. Comparison of peak discharges estimated using cross-sectional areas measured
at the point of maximum superelevation, with those estimated using areas upstream
and (or) downsiream Of that POINL .........cereereerenreriereessenesessnrenssesserssacrsssassnssesassessassesssssssense
58. Estimated volumes of debris-flow sediment recently deposited at debris fans
N GTANA CANYON ...eveereeeeennreiereseesesensressnstesesensessnsssessssesmessenessasesessssensssnssencssssssessassssns
59. Sand contents of selected recent debris flows that reached the Colorado River
N GTANA CANYOM .....veevvreiersseriesereesessssesessassessssssssessosassenssassesssssnsssassssssessensssensrsssensesenesseses
APPENDIXES
1. Locations of recent, observed streamflow floods and debris flows in Grand Canyon
(modified from Webb and others, 1989) ......ccvvevieiiecninerennnenesnsrsssenssessssnessssressssssnns
2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon
that produce debris fIOWS .......ccceerererrirrseresnnnrsssersssensnerertensssenssssssessansssssssssssnssseessssssesess
3. Selected drainage-basin characteristics for 529 geomorphically-significant tributaries
of the Colorado River in Grand Canyon .........c..covvivsireseseninssessiessinissosssessssssesessensresess
4, List of photographic views of Glen, Marble, and Grand Canyons taken by
Franklin A. Nims and Robert Brewster Stanton between July 1889 and March 1890 ..............
5. List of photographic views of the Colorado River between Glen Canyon Dam and
Lake Mead taken by Eugene C. LaRue between 1921 and 1923...........c.cccvvvremnvniecsorsseenne
6. List of photographic views taken by other photographers of the Colorado River corridor
in Grand Canyon that were replicated in this STAY .....ccocconieireririninrntsentenenniiesesnenenes
7. List of radiocarbon dates determined from organic samples collected from tributaries
IN GIANA CANYOM ....vcveceiriiriiaereneenerssenasssssnassessrasssssessssssosanssssensssesssnsessusssonsss ssssesessssssasesss
8. Characteristics of boulders transported by recent debris flows in tributaries

Indirect peak-discharge estimate for the September 1989 debris flow in

an unnamed tributary at river mile 127.3-L, Site A .c.coevviiriinicnserroncssorsssnsssssensnssssscsesssssnns

Indirect peak-discharge estimate for the September 1989 debris flow in

an unnamed tributary at river mile 127.6-L, SIte A .....couverrermiccnrrermsirsenerrssssenossssnsessessoncs

Indirect peak-discharge estimate for the September 1989 debris flow in

an unnamed tributary at river mile 127.6-L, site B ......ccovcunivinrccnnnisncsssisininionennneenes

List of historical photographs of Kanab Creek Rapid (river mile 143.5)

and the debris fan at the mouth of Kanab Canyon (river mile 143.5-R).....cccccveercevrnvrcrenenes

List of historical photographs of Lava Falls Rapid (river mile 179.3) and the

debris fan at the mouth of Prospect Canyon (river mile 179.4-L) .......ccccueevernremsuernnscsescnns

Characteristics of debris fans deposited at Lava Falls Rapid (river mile 179.3)

between 1939 AN 1963 .....uceeirreiinieririieecirecsiresecsneesteesssessnssnsasssnssnassassassans sessessssssansasasnns

List of 137Cs samples collected from Prospect Canyon (nver mile 179.4-L)

in association with 20th-century debris fIOWS.......ccverrieceenerenrrsevsereniessesanssessssnsnssnsenssnsons

List of radiocarbon samples collected from Prospect Canyon (river mile 179.4-L)

of Marble and Grand CAnYODS ..........cocvveecsiesrececrnsneessssesenssesssssessonsssnonsasessssssussssrsssasssasnassen

Page

133
142
142
152
162
167
173
173
176
180
180

183

196
198

201

211
225
239
254
261
278

280

Contents ix



CONVERSION FACTORS

Multiply By To obtain
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.28 foot (ft)
square meter (m?) 10.76 square foot (ft%)
cubic meter (m?) 35.31 cubic foot (f%)
kilometer (km) 0.6214 mile (mi)
square kilometer (kmz) 0.3861 square mile (miz)
cubic meter per second m3fs) 35.31 cubic foot per second (ft3/s)
gram(g ) 0.03527 ounce avoirdupois (oz avdp)
kilogram (kg) 2.205 pound avoirdupois (Ib avdp)
megagram (Mg) 1.102 tons, short (2,000 pounds)

In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called

“Sea Level Datum of 1929.”

x Contents



Magnitude and Frequency Data for Historic Debris
Flows in Grand Canyon National Park and Vicinity,
Arizona

By Theodore S. Melis, Robert H. Webb, Peter G. Griffiths, and Thomas W. Wise

Abstract

Debris flows occur in 529 tributaries of the Colorado River in Grand Canyon between Lees
Ferry and Diamond Creek, Arizona (river miles O to 225). An episodic type of flash flood, debris
flows transport poorly-sorted sediment ranging in size from clay to boulders into the Colorado
River. Debris flows create and maintain debris fans and the hundreds of associated riffles and
rapids that control the geomorphic framework of the Colorado River downstream from Glen
Canyon Dam. Between 1984 and 1994, debris flows created 4 new rapids and enlarged 17 existing
rapids and riffles.

Debris flows in Grand Canyon are initiated by slope failures that occur during intense rainfall.
Three of these mechanisms of slope failure are documented. Failures in weathered bedrock,
particularly in the Hermit Shale and Supai Group, have initiated many historic debris flows in
Grand Canyon. A second mechanism, termed the fire-hose effect, occurs when runoff pours over
cliffs onto unconsolidated colluvial wedges, triggering a failure. A third initiation mechanism
occurs when intense precipitation causes failures in colluvium overlying bedrock. Multiple source
areas and extreme topographic relief in Grand Canyon commonly result in combinations of these
three initiation mechanisms. Interpretation of 1,107 historical photographs spanning 120 years,
supplemented with aerial photography made between 1935 and 1994, yielded information on the
frequency of debris flows in 168 of the 529 tributaries (32 percent) of the Colorado River in Grand
Canyon. Of the 168 tributaries, 96 contain evidence of debris flows that have occurred since 1872,
whereas 72 tributaries have not had a debris flow during the last century. The oldest debris flow we
have documented in Grand Canyon occurred 5,400 years ago in an unnamed tributary at river mile
63.3-R. Our results indicate that the frequency of debris flows ranges from one every 10 to 15 years
in certain eastern tributaries, to less than one per century in other drainage basins. On average,
debris flows may recur approximately every 30 to 50 years in individual tributaries, although
adjacent tributaries may have considerably different histories.

Peak discharges were estimated in 18 drainages for debris flows that occurred between 1939
and 1994, Typically, discharges range from about 100 to 300 cubic meters per second (m3/s). The
largest debris flow in Grand Canyon during the last century, which occurred in Prospect Canyon
in 1939, had a peak discharge of about 1,000 m%/s. Debris-flow deposits generally contain 15 to
30 percent sand-and-finer sediment; however, the variability of sand-and-finer sediment contained
by recent debris flows is large. Reconstitution of debris-flow samples indicates a range in water
content of 10 to 25 percent by weight.

Before flow regulation of the Colorado River began, debris fans aggraded by debris flows
were periodically reworked by large river floods that may have been as large as 11,000 m’/s.
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Impoundment of the river by Glen Canyon Dam in 1963, and subsequent operation of the
reservoir have reduced the magnitude of these floods. Flow releases from the dam since 1963
have only partly reworked recently-aggraded debris fans. Significant reworking of new debris-
flow deposits now occurs only during river discharges higher than typical power plant releases,

which currently range between 142 and 510 m>/s.

INTRODUCTION

Debris flows are an important sediment-
transport process in at least 529 tributaries of the
Colorado River in Grand Canyon between Lees
Ferry and Diamond Creek, Arizona (river miles O to
225; see Webb and others, 1989; Melis and Webb,
1993). Debris flows are one source of fine sediment
in the now-regulated river system downstream from
Glen Canyon Dam. However, debris flows also
deposit large boulders in the Colorado River that
create and maintain debris fans and rapids, directly
influencing the storage of fine sediment in the river
channel (Hamblin and Rigby, 1968; Dolan and
others, 1974; Howard and Dolan, 1981; Kieffer,
1985; Webb and others, 1989; Schmidt and Graf,
1990; Melis and Webb, 1993). By supplying
boulders that exceed the competence of regulated
discharges in the river, debris flows also directly
control the navigability of the Colorado River,
affecting the more than 20,000 whitewater
enthusiasts who use the Colorado River for
recreation each year (Stevens, 1990).

Understanding the frequency and magnitude of
debris flows over long and short periods of time is
important to future adaptive management of the
riparian ecosystems and recreational resources of
Grand Canyon. Debris flows periodically
contribute large volumes of fine sediment and large
boulders to the river. The hundreds of debris fans
that have accumulated along the Colorado River
directly control the formation and stability of most

- sand bars (Rubin and others, 1990; Schmidt, 1990;
Schmidt and Graf, 1990; Schmidt and others,
1993). These debris fans and sand bars provide
valuable substrates for riparian ecosystems
(Stevens, 1989). Debris flows also can severely
disrupt plant communities living in tributary
channels and on debris fans along the river channel
(Stevens, 1989). Sand bars deposited on debris fans
are also used as campsites by thousands of river-
runners who boat on the Colorado River annually.
Fluctuating releases from Glen Canyon Dam since

1963 have eroded many of these sand bars (U.S.
Department of the Interior, 1989; Schmidt and
Graf, 1990). The geometry of river-constricting
debris fans, as well as the morphology of the
channel, influence the size, shape, and volume of
fine sediment deposits stored along the river
channel. Therefore, a greater understanding of
debris flows and their effect on the formation and
stability of sand bars is necessary to predict future
trends in the sediment budget under flow
regulation.

Development of a sediment budget for the
Colorado River through Grand Canyon requires an
estimate of long-term sediment yields from
hundreds of ungaged tributaries. Estimating long-
term sediment yields from these tributaries depends
on estimates of debris-flow frequency and
magnitude for as many tributaries as possible. In
addition, these estimates require knowledge of the
particle-size distributions, as well as water content,
of debris flows that reach the river. Increased
knowledge of debris flow and mainstem processes
in Grand Canyon will contribute to future efforts to
manage Glen Canyon Dam in ways that minimize
downstream impacts on ecological resources.

Historical data on the occurrence of debris
flows in Grand Canyon are limited and difficult to
obtain because of the isolated setting and
inaccessibility of many of the rivers tributaries.
Accessing these tributaries by boat, we examined
the potential for debris flows in hundreds of
tributaries and studied the effects of historic debris
flows in 39 tributaries that occurred between 1939
and 1994 (fig. 1). In many cases, it was possible to
examine sites of recent debris flows within weeks
of their occurrence. This report includes all data
collected concerning the frequency and magnitude
of historic debris flows in tributaries of the
Colorado River in Grand Canyon National Park and
vicinity. This study was funded in cooperation with
the U.S. Bureau of Reclamation as part of a larger
study entitled "Glen Canyon Environmental
Studies,” which began in 1982 (Wegner, 1991).
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Purpose and Scope

This report provides data on the magnitude and
frequency of historic debris flows in Grand Canyon
National Park and vicinity. We emphasize data on
the amount of sand-and-finer sediment transported
into the Colorado River by this process, and the
effects of debris flows on debris fans, rapids, and
sand bars. The data presented here will be used as
the basis for development of sediment-yield
estimates from ungaged tributaries of the Colorado
River, which are one aspect of the sediment budget
for Grand Canyon. Calculation of the sediment
budget is one means of evaluating the effects of the
operation of Glen Canyon Dam on sediment storage
along the Colorado Rivers channel. Because rapids
and debris fans may be enlarged as a result of
deposition by debris flows, releases higher than
present peak-power plant discharges (142 to 510
m?/s) from Glen Canyon Dam may be desirable to
rework newly-aggraded debris fans and to mitigate
the direct, erosional impacts of debris flows on
existing sand bars.

This report supplements existing information
on debris flow frequency and magnitude in Grand
Canyon (Cooley and others, 1977, Webb and
others, 1989; Melis and Webb, 1993). The study
area includes all geomorphically significant
tributaries of the Colorado River between Lees
Ferry and Diamond Creek, Arizona (river miles 0 to
225), excluding the Paria and Little Colorado
Rivers and Kanab and Havasu Creeks. We define
and list the names of these tributaries, their drainage
areas, and the rapids that have formed at their
junctures with the Colorado River. Three
mechanisms of debris-flow initiation are identified
and studies of magnitude and frequency in 39
tributaries of the Colorado River are presented. The
study area is isolated and little historical
documentation exists for most of these tributaries;
consequently, the type and amount of information
known for each tributary varies greatly. However,
all information presented here is useful for the
development of a model of total sediment yield
from ungaged, ephemeral, and perennial streams in
the Grand Canyon region. The study also
documents the effects of debris flows in Grand
Canyon National Park on the downstream resources
of the Colorado River.

Units and Place Names

In this report, we use the inch-pound unit of
mile to describe location of tributaries along the
Colorado River, and the unit of feet for elevation on
location maps; metric units are used for all other
measures. Use of river mile has considerable
historical precedent and provides a reproducible
method of describing the location of tributaries with
respect to the Colorado River. The location of
tributaries was determined using the most recent
edition of a well-known river guide (Stevens, 1990)
in river miles downstream from Lees Ferry,
Arizona, and a descriptor of “L” for river-left and
“R” for river-right. The left and right sides of the
Colorado River are determined as one faces
downstream.

Names of tributaries and other significant
features were obtained from two sources. Published
U.S. Geological Survey 7.5-minute quadrangle
maps are the source for most names of tributaries.
For tributaries without names on 7.5-minute
quadrangle maps, we used either informal names,
which are designated in quotation marks and are
typically obtained from Stevens (1990), or we refer
to the tributary as an unnamed tributary at a
specified river mile and side. In addition, we also
refer to E-Areas, which are smaller drainages that
may have debris flow and flash-flood potential, but
did not meet all of the criteria for our category of
geomorphically significant tributaries.

We typically refer to “Grand Canyon” in broad
reference to both Marble and Grand Canyons.
“Marble Canyon” is the canyon reach of the
Colorado River between Lees Ferry, Arizona and
the juncture with the Little Colorado River (river
miles 0to 61.5); we refer to Marble Canyon only for
specific tributaries in that reach. Grand Canyon,
which is formally designated between the juncture
with the Little Colorado River and the Grand Wash
Cliffs (river miles 61.5 to about 280), is
considerably larger and better known than Marble
Canyon. We refer informally to the first reach of
Grand Canyon proper (designated study-reach five
in this report) as Fumnace Flats (between river miles
61.5 and 78.0).

INTRODUCTION 3



T 1
: of
l >
‘.:,x @ 7]
é’ ﬁ $
..‘. 0 \9 5 'H_l
' £3 N "%
l\,i q o\ pu
& [N -'t'a O T
M [ e} ! -
CoAsd © L ]
v, 0 O T
l ¢g T ® o T7 = -
s o T ol 7
QOC ~ 7, M < l i
4 —_ . h
1) a2 o |
o A H o-+o -
o~ ) P, e
s 180K Be
| ¢ g ( §§°
' &_|
| JORPN ]
::| | ;N
) - n 3 "
1 < < et
4‘ \ & (' 5 G
: " Aol o8
NN .
qougy
3' —ilﬁ L’-.'—).—
| @ B
. R———
| .
° ' | < -
ol
= l a W, 0
. = .J
' n @ | Y0545
I a % ~a Q8 R oay, &
: 3 < 0 Q s =
= I‘L,g 0 ) a
> (12] [ [
o ? 0 LA A
w o 13 Q 5
. 2 @ ~ o S
o« - | . g 2] E
—: o
| 2 ;
CE LA
85 ; 0
l g€ o!
‘ o5 1 \
a 2¢e - 0
| s g 282 i G
- & = egao I @
. O N * o2 H 3
: N ] .
N\g ¢ /& rel
xul < -—-® e
: < = L T
s | . S
= l_____..__._...___...___.___.l_ 3 - 7
, v a v A 3N 1
° ©
5 "

Flgure 1. Locations of debris-flow study sites along the Colorado River in Marble and Grand Canyons, Arizona.
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Figure 1. Continued.
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DEBRIS FLOWS IN GRAND CANYON
NATIONAL PARK

Debris flows are an important sediment-
transport process in a variety of geomorphic
settings throughout the world. Costa (1984)
described debris flows as water-based slurries of
poorly sorted material ranging in size from clay to
boulders. Debris flows occur in arid, semiarid,
tropical, and montane environments (Brunsden and
Prior, 1984). In these settings, they are typically
called mudflows, debris slides, and debris torrents,
to name a few of the more common terms
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(Blackwelder, 1928; Sharp and Nobles, 1953;
Johnson and Rodine, 1984; Pierson, 1984; Pierson
and Costa, 1987). When this type of flash-flood
results from a volcanic eruption, it is termed a lahar.
Debris flows frequently have devastating effects on
populated areas (Pierson and others, 1990), but
damage can be severe even in sparsely populated
arecas of the southwestern United States (e.g.,
Glancy and Harmsen, 1975).

Debris flows commonly contain 70 to 90
percent sediment by volume, making them an
extremely significant sediment-transport process.
The complex flow properties associated with debris
flows, including their ability to transport large
boulders long distances on relatively gente
gradients (Rodine and Johnson, 1976; Johnson and
Rodine, 1984), continue to intrigue and challenge
our understanding of this fluvial process. Although
much remains to be leamned about debris flows,
their general effects on the Colorado River have
already been established (Webb and others, 1988,
1989; Melis and Webb, 1993).

Debris-Flow Transport of Sediment to
the Colorado River

Three previous studies have addressed the
magnitude and frequency of debris flows in Grand
Canyon. Cooley and others (1977) examined debris
flows that occurred in 1966 in several tributaries of
the Colorado River, including Lava Canyon and
Crystal Creek (river miles 65.5-R and 98.2-R).
They estimated the magnitude of the debris flow in
Dragon Creek, a tributary of Crystal Creek (river
mile 98.2-R), and inferred some frequency
information from damage to archaeological sites. In
an examination of aerial photography, Howard and
Dolan (1981) reported that 25 percent of all debris
fans in Grand Canyon had been affected by
tributary floods between 1965 and 1973. In
addition, Webb and others (1989) reported
magnitude and frequency information for three
tributaries of the Colorado River. As part of this
study, 37 debris flows that had a significant effect
on the Colorado River were identified (Table 1). In
addition, a list of recent debris flows and
streamflow floods in Grand Canyon that originally
appeared in Webb and others (1989) has been
updated (appendix 1).

As early as 1869, the significance of tributary
flooding in Grand Canyon, and its impact on the
Colorado River corridor, were recognized by John
Wesley Powell (1875) during the first scientific
exploration of Grand Canyon. Powell realized the
potential of the Canyons small but steep tributaries
to control the rivers character as his expedition
faced continual hardship while lining and portaging
their boats through and around the rivers many
large rapids. Powell, and those that followed,
greatly respected the rapids of Grand Canyon,
although they may not have fully understood the
role that debris flows played in transporting the
large boulders that created them. Only today are we
beginning to realize the full implications of debris
flows and their ability to continually shape Grand
Canyon and the Colorado River (fig. 2).

Many researchers have described the rapids
that dominate the river corridor of Grand Canyon
(Leopold, 1969; Cooley and others, 1977; Graf,
1979; Howard and Dolan, 1981; Webb and others,
1988, 1989; Melis and Webb, 1993). The infrequent
and episodic nature of debris flows in Grand
Canyons tributaries results in catastrophic
modifications to alluvial debris fans and associated
rapids over very short time periods; in most cases
minutes to hours (Webb and others, 1988, 1989).
Similarly, debris flows are capable of altering sand
bars, commonly termed beaches, through burial and
(or) erosion when they issue from tributaries into
the river channel. Debris flows also influence the
net volume of fine sediment stored in the river
channel by forming low-velocity sediment traps,
commonly referred to as eddy-complexes upstream
and downstream of debris fans. Eddies are very
effective traps for fine sediment entering the river
channel from tributaries (Schmidt and Graf, 1990).

Howard and Dolan (1981) attributed
aggradation on debris fans between 1965 and 1973
to tributary flooding, but only generally referred to
debris flows as a sediment-transport process. Other
researchers have more-fully documented the role of
debris flows in the creation and maintenance of
debris fans and rapids in Grand Canyon (Cooley
and others, 1977; Webb, in press; Webb and others,
1988, 1989; Melis and Webb, 1993). On the Green
River, Graf (1979) studied the effects of regulated
discharges released from Flaming Gorge Reservoir
on downstream rapids. He reported a significant
increase in the stability of rapids, and predicted a
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Tablé 1. Locations of major debris flows that have occurred during the last century in Grand Canyon

Year(s) of debris flow(s) or

Name of Tributary canyon Name of Rapid River Mile - Side range
Jackass Canyon Badger Creek 79 L 1994
Badger Canyon Badger Creek 79 R *1897 to 1909
Soap Creek Soap Creek 11.2 R *1923 to 1934
House Rock Canyon House Rock 16.8 R 11966
Unnamed canyon Unnamed riffle 18.0 L 1987
Unnamed canyon Unnamed riffle 215 L *1890 to 1990
Unnamed canyon 24-Mile 242 L 1989
Tiger Wash Tiger Wash 26.6 L *1890 10 1990
Unnamed canyon No rapid exists 30.2 R 1989
South Canyon Unnamed riffle 31.6 R *1940 10 1965
Unnamed canyon Unnamed riffle 429 L 1983
Tatahoysa Wash President Harding 432 L 1983
Unnamed canyon New rapid 62.5 R 1990
Unnamed canyon Unnamed riffle 63.3 R 1990
Lava Canyon Lava Canyon 65.5 R 1966
Palisades Creek Lava Canyon 65.5 L 1966, 1984, 1987, 1990
Tanner Canyon Tanner 68.5 L 1993
Unnamed canyon No rapid exists 712 R 1984
Unnamed canyon Unnamed riffle 72.1 R 1984
75-Mile Creek Nevills 75.5 L 1959, 1987, 1990
Hance Creek Sockdolager 78.7 L *1890 to 1990
Monument Creek Granite 93.5 L *1960s, 1984
Boucher Creek Boucher 96.7 L *1935 1o 1965
Crystal Creek Crystal 98.2 R 1966, 1995
Waltenberg Canyon Waltenberg 112.2 R *1938 10 1987
Unnamed canyon New rapid 127.6 L 1989
128-Mile Creek 128-Mile 128.5 R *1890 to 1923
Specter Chasm Specter 129.0 L 1989
Bedrock Canyon Bedrock 130.5 R 1989
Unnamed canyon Unnamed riffle 130.9 L *1890 to 1991
Unnamed canyon Unnamed riffle 133.0 L *1890 t0 1923
Kanab Canyon Kanab 143.5 R *1923 10 1942
Unnamed canyon New rapid 160.8 R 1993
Prospect Canyon Lava Falls 179.4 L 1939, 1954, 1955, 1963, 1995
205-Mile Canyon 205-Mile 205.5 L *1937 to 1956
Unnamed canyon Unnamed nffle 2226 L *1890 to 1990
Diamond Creek Diamond Creek 225.8 L 1984

*The exact year of the flood is uncertain.
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(Modified from Hamblin and Rigby, 1968)
Explanation

1. Tributary debris fan

2. Rapid controlled by large immobile boulders

3. Debris bar (synonymous with “island” or “rock garden”)
4. Riffle or rapid caused by debris bar

Figure 2. The morphology of a typical debris fan and rapid of the Colorado River in Grand Canyon,
Arizona.
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trend of continuing aggradation at those sites
because of reduced mean-annual discharges in the
river.

Before regulation of flow began in 1963, the
Colorado River in Grand Canyon was known for its
high inter-annual variability of flooding. Periodic,
large floods on the river worked together with
tributary rockfalls and debris flows to form one of
the worlds most spectacular erosional features. The
reduction of the size of the annual flood on the
Colorado River since 1963 now limits the river’s
competence to completely erode newly-deposited
debris that continues to accumulate on debris fans.
Howard and Dolan (1981) report that this decrease
in the size of flood flows represented a fourfold
decrease in the sediment-transport potential of the
river. Tributaries downstream from Glen Canyon
Dam remain unregulated, and their continuing
debris flows remain an effective agent of change to
the river corridor (Howard and Dolan, 1981; Webb,
1987). As a result, the quasi-equilibrium conditions
(Langbein and Leopold, 1964) that must have
existed between the river and its canyons in the pre-
dam era have been perturbed in favor of the
canyon’s tributaries since 1963. Anticipated
changes, such as locally-increased flow gradients
and navigational hazards in rapids, are only the
most obvious consequences to be expected from
continuing debris flows.

Debris flows can modify the river corridor in a
number of ways. Debris flows can cause 1)

aggradation of debris fans, 2) erosion of debris fans,
3) increased constriction of the river channel, 4) an
increase or decrease in the severity of rapids, 5)
disturbance of existing vegetation on debris fans
and along tributary channels, 6) erosion or burial of
existing sand bars, and 7) changed patterns of
deposition and erosion of sand bars caused by
altered flow patterns around recently-aggraded
debris fans. Predicting the impacts of debris flows
on the river channel is extremely difficult because
of the complex characteristics of eddies relative to
the geometry of debris fans and the width and
general slope of the reach. In most cases, lower
discharges in the river have allowed more frequent,
small debris flows to increase the severity of rapids.

Effects of Debris Flows on Rapids

Debris flows control the formation and
evolution of rapids in Grand Canyon by depositing
large boulders and finer sediment in the Colorado
River at hundreds of locations. In minutes, a debris
flow can transport enough sediment to the river to
change a mild riffle into a severe rapid; an example
of this occurred at Crystal Rapid (river mile 98.2-R)
in December 1966 (Cooley and others, 1977; Webb
and others, 1989). More recently, debris flows have
created or enlarged riffles and (or) rapids at 54 sites
since 1872 between Lees Ferry and Diamond Creek
(Table 2). In most cases, these changes resulted in

Table 2. Historic changes to raplds of the Colorado River In Grand Canyon Interpreted from repeat photography
[Summary of changes, describes the physical changes that have occurred in the rapid and describes which geomorphic processes have caused them
based on evidence seen in matched photographs, such as the appearance of debris levees (debris flow), and deposition of large, angular rocks in the
river channel (rockfall). Reduced hydraulic hazards may result when debris flows deposit large boulders in rapids that fill-in standing waves, or by
large-magnitude river flows which can remove debris from rapids; evaluation of change in rapids and their cause, is subjective]

River
mile Rapid name Summary of changes
7.9 Badger Debris flow from Badger Canyon deposited rocks at upper right

112 Soap Creek Flood or debris flow from Soap Creek in the 1930s decreased the severity of waves in the rapid
143 Sheer Wall Debris flow from Tanner Canyon; fan eroded and rocks moved
16.8 House Rock Debris flow from House Rock Canyon in 1966
18.0 Unnamed Debris flow from 18-Mile Wash constricted the river channel
214 Unnamed Debris flow added new boulders to river channel

242 24-Mile Debris flows from both sides in 1989

26.6 Tiger Wash Debris flows from both sides of river

26.8 MNA Rockfall from high-angle chute in 1974

43.2 “Boulder” Debris fan eroded, left run enlarged

62.5 Unnamed Debris flow from unnamed tributary created new rapid
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Table 2. Historic changes to rapids of the Colorado River in Grand Canyon Interpreted from repeat

photography—Continued

River

mile Rapid name Summary of changes
63.3 Unnamed Debris flow from unnamed tributary enlarged existing riffle
65.5 LavaCreek Multiple debris flows from Palisades and Lava Creeks

68.5 Tanner Debris flow in 1993 constricted the channel

71.2 Unnamed Debris flow from unnamed tributary deposited boulder island in the center of river channel
72.1 Unnamed Debris flow from unnamed tributary created new riffle

75.5 Nevills Multiple debris flows from 75-Mile Canyon, but little effect
76.8 Hance Few changes

78.7 Sockdolager Debris flow from Hance Creek deposited new rocks on left
81.5 Grapevine Rocks moved from center of channel

87.9 Bright Angel Debris fan eroded at lower right
88.9 Pipe Springs Few changes
90.2 Horn Creek Few changes

93.5 Granite Multiple debris flows from Monument Creek have constricted the top of the rapid on river left
95.0 Hermit Tailwaves drowned-out owing to debris flow at Boucher Canyon
98.2 Crystal Debris flow from Crystal Creek in 1966 created severe, new rapid now considered one of the worst in

the western U.S.
99.3 Tuna Creek Few changes

101.3  Sapphire Few changes

1039 104-Mile Few changes

104.6 Ruby Few changes

106.0 Serpentine Few changes

107.6 Bass Few changes

108.6 Shinumo Few changes

112.2 Waltenberg Aggradation on right, boulders moved from left

119.0 119-Mile Few changes

122.7 Forster Debris flow in 1991 increased constriction through the rapid
125.0 Fossil Debris flow in 1989 deposited new boulders in the channel
127.6 Unnamed Debris flow from unnamed tributary created new rapid
128.5 128-Mile Debris fan reworked, decreasing the constriction of rapid
129.0 Specter Debris flow in 1989 increased constriction through rapid
131.7 Dubendorff New rock garden at lower left

133.8 Tapeats Few changes

143.5 Kanab Debris flow from Kanab Creek, but few changes to rapid
160.8 Unnamed Debris flow from unnamed tributary created new riffle
164.5 164-Mile Few changes

179.4 LavaFalls Multiple debris flows from Prospect Creek since 1939 have radically altered the existing rapid
205.5 205-Mile Rockfall from right; debris flow from 205-Mile Creek
208.6 209-Mile Rockfall created major hydraulic wave in 1978

2122 Little Bastard  Few changes

215.7 Three Springs  Few changes

2174 217-Mile Few changes

2204 Granite Springs Few changes

225.8 Diamond Creek Pre-1883 debris flow constricted river, 1984 debris flow deposited new debris bars
2309 231-Mile Debris flow and river erosion has changed rapid
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an increased water-surface slope through the rapid
and (or) the addition of boulders to the river channel
that created new navigational hazards, such as
standing waves (for a detailed description of this
process, see Kieffer, 1985).

In general, most debris flows that reach the
Colorado River in Grand Canyon aggrade debris
fans and increase the severity of rapids. In many
cases, the river becomes more constricted at the
debris fan, leading to increased flow velocities
through the rapids. The increase in velocity at the
constriction will normally result in greater
reworking of coarse sediments at the toe, or distal
edge of the debris fan, but this reworking is now
greatly restricted by the regulated flows released
from Glen Canyon Dam. Very large boulders resist
transport by the river except at higher discharges.
River discharges as high as 11,000 m3/s have been
estimated for prehistoric floods (O’Connor and
others, 1994), however, since 1963 the peak
discharge has not exceeded about 2,700 m?/s.
Changes to rapids caused by debris flows can
greatly increase navigational hazards for the more
than 20,000 whitewater enthusiasts who use the
river annually (Stevens, 1990). An increased
number of hydraulic features, known as holes, or
standing waves caused by rapid flow over boulders
in rapids, increased flow velocities, and narrower
routes through rapids commonly result when debris
flows reach the Colorado River. To what extent a
given debris flow alters the river depends on the
duration, instantaneous peak discharge, and
particle-size distribution of sediments transported
by the debris flow and deposited in the river
channel. Site-specific channel morphology in the
vicinity of the river and tributary confluence, the
discharge of the river at the time of the debris flow,
and the size and style of the existing debris fan at
the site, also influence the relative impacts that
debris flows have on the rivers channel. These
factors also influence reworking of debris flow
sediments by mainstem flows.

Before construction of Glen Canyon Dam,
occasional large floods on the river transported
most sediment from newly-aggraded debris fans
downstream; typically, the largest particles were
deposited immediately downstream in the rapid.
With repeated reworking, this process resulted in

sorting of particles to form stable debris fans
comprised of large boulders and downstream
deposits comprised mainly of cobbles and small
boulders. These downstream deposits are
commonly termed debris bars, and are also termed
channel bars, rock gardens, and islands. Since
construction of Glen Canyon Dam, the quasi-
equilibrium conditions existing between fluvial
processes of the Colorado River, and its tributaries
have been altered in favor of debris-flow deposition
of sediments by tributaries. One result of this
change is increased aggradation of the river channel
at many tributary mouths.

Some debris flows may change rapids in ways
that make them less severe. Debris flows are gener-
ally the only type of flash floods in Grand Canyon
tributaries capable of transporting large boulders
from distant tributary source areas into the river.
Newly deposited boulders may smooth out bed ir-
regularities caused by surrounding larger boulders
that protrude from the bed. Hydraulic features, such
as holes and standing waves in the rapids, may be
reduced in severity, or the deposition of new debris
may cause the flow to impinge on and remove other
boulders. Before regulation of the river, sediment
smaller than boulders with b-axis diameters of
about 512 mm were periodically removed from de-
bris fans and rapids by large, infrequent annual
floods that usually occurred in late spring and early
summer. With repeated reworking, most debris fans
and rapids developed coarse, residual bouldery tex-
tures; only boulders that exceeded the competence
of the river under the pre-dam flow regime (gener-
ally particles with b-axis diameters larger than
about 512 to 1,024 mm) could remain in rapids.

Effects of Debris Flows on Sand Bars

Sand and finer sediments are mainly stored as
sand bars within debris-fan controlled eddy
complexes along the Colorado River (Schmidt and
Graf, 1990). In most alluvial rivers, sand bars
migrate along the channel. In contrast, the locations
of sand bars in Grand Canyon are controlled by
eddies that form upstream and downstream from
constrictions that are relatively immobile over
decades or even centuries. Most of these
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constrictions are caused by debris fans and their
associated downstream debris bars (Webb and
others, 1989; Schmidt and Graf, 1990). Sand bars
most commonly form downstream from these
constrictions in zones of flow separation, or eddies.
According to Schmidt and Graf (1990), “When
flow separation occurs, the main downstream
current becomes separated from the channel banks,
and areas of recirculating flow exist between the
downstream current and the banks.” This
phenomenon creates rotational flow patterns in the
eddy, termed recirculating flow, which result in a
marked stagnation of downstream flow velocity.
Flow stagnation commonly results in the deposition
of fine sediment suspended in the mainstem current.

The geometry of a debris fan greatly affects
flow separation and recirculating flow. Debris-fan
morphology itself is strongly influenced by the
cumulative interactions of the frequency and
magnitude of debris flows, the frequency and
magnitude of large floods in the Colorado River,
the particle-size distribution of debris fans, and the
local river-channel morphology.

Debris flows affect sand bars directly through
burial and (or) erosion. Separation bars can be
particularly affected by debris flows or channel
avulsion. Atleast 22 sand bars have been buried and
(or) eroded by recent debris flows at sites along the
Colorado River (Table 3). Indirect effects result
from the aggradation of debris fans which control:
1) the locations where sand bars will form and the
river discharges at which deposition of sand will
occur; 2) the length of the flow-separation zone; 3)
the size of the sand bar relative to the size of the
constriction; and 4) the direction in which flow
exits the constriction and enters the flow separation
zone. These relations are a function of discharge,
and a debris fan’s size, shape, and height, and
directly control the range of discharges at which
recirculating flow and deposition of fine sediment
can occur upstream and downstream from the
constriction. Because debris-fan shapes, and the
morphology of the river channel vary greatly
throughout the river corridor, different discharges
may have very different effects on the erosion and
deposition of both sand bars and debris fans. This is
especially true in the first 125 km downstream from

Glen Canyon Dam, where the bedrock geology of
the river channel and its morphology varies
considerably.

Before closure of Glen Canyon Dam, the
variability of fine sediment stored in flow
separation zones was related mainly to the
variability of sediment transported through Grand
Canyon, and to the local changes in flow patterns
caused by periodic debris flow activity and river-
reworking of debris fans. Pre-dam floods on the
Colorado River annually rebuilt sand bars that had
been buried and (or) eroded by debris flows.
Reworking of new, poorly-sorted debris-fan
sediments occurred during mainstem flood peaks,
whereas sand bars were probably redeposited on
debris fans during the recessional flood stages.
During pre-dam floods, many debris fans,
particularly in narrow reaches, were completely
inundated. Evidence of these floods, such as
driftwood, remain on and above many debris fans.
Sand bars were also eroded during these floods as
constricting debris fans were overtopped, and their
associated recirculating zones were washed-out.
However, recirculating-flow zones would reform
downstream from stable, reworked fans as the
floodwater receded. This would allow redeposition
of transported sand along the flanks of the
constriction in the vicinity of the eddy.

Since 1963, most fine sediment transported
from the upper Colorado River drainage has been
trapped in Lake Powell (fig. 1). Large, clearwater
releases from Glen Canyon Dam overtopped many
debris fans between 1985 and 1986, and resulted in
erosion of sand bars, specifically in
geomorphically-sensitive reaches (Schmidt and
Graf, 1990). Many debris fans and sand bars in
Marble Canyon were inundated almost daily
between 1984 and 1986 by clearwater releases from
the reservoir. Clearwater floods did not carry
enough sediment for significant deposition to occur
once the recirculating zones returned at lower
discharges during fluctuating cycles during that
time period. Consequently, many pre-dam era sand
bars were eroded between 1984 and 1986 and have
not been redeposited. This erosion occurred
particularly where geomorphic controls for
deposition of sand bars were weakest (i.e., low-
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Table 3. Sand bars in the Coiorado River eroded or buried by tributary debris flows and (or) streamflow fioods

between 1939 and 1994
[Name of tributary, official names taken from USGS 7.5-minute quadrangle maps; unofficial, but commonly used names are given in quotation
marks]
River mile River side Name of tributary Year(s) of debris fiow(s) or flood(s)
18.0 L “18-Mile Wash” 1987
19.9 L Unnamed tributary 1987
34.7 L Nautiloid Canyon 11980 t0 1984
41.0 R Buck Farm Canyon 1992
429 L Unnamed tributary 1983
432 L Tatahoysa Wash 1983
62.5 R Unnamed tributary 1990
62.6 R *Crash Canyon” 1990
63.3 R Unnamed tributary 1990
68.5 L Tanner Canyon 1993
71.2 R Unnamed tributary 1984
72.1 R Unnamed tributary 1984
1122 R Waltenberg Canyon 11973 10 1984
122.7 L Forster Canyon 1991
127.3 L Unnamed tributary 1989
127.6 L *127.6-Mile Canyon” 1989
129.0 L Specter Chasm 1989
130.5 R Bedrock Canyon 1989
157.6 R Unnamed tributary 1993
160.8 R Unnamed tributary 1993
166.4 L National Canyon 121965 10 1992
207.8 L Unnamed tributary 1991

!The exact year that the flood impacted the sand bar is uncertain.

2Several flash floods were responsible for degrading sand bars during the time period specified

elevation debris fans without downstream
controls).

Erosion of sand bars since closure of Glen
Canyon Dam has been attributed mostly to a
combination of widely fluctuating daily flows
released from the dam’s power plant and, more
importantly, occasional large, clearwater releases
during years of heavy, upper-basin snowpack and
runoff. Many sand bars have also been eroded by
other natural geomorphic processes in Grand
Canyon. These include tributary debris flows
(mainly burial of sand bars), tributary flash floods
(mainly erosion of sand bars), wind erosion, and

human use. An almost 90-percent reduction in

suspended sediment load occurred immediately
after closure of the dam (Laursen and others, 1976).
As a consequence of reduced discharges in the
Colorado River, most sand bars buried and (or)
eroded by debris flows will probably not be redepo
sited under powerplant releases. This has been true
for the low, seasonally adjusted dischargges (bet-

ween 142 and 510 m?/s),
flows”, that have occurred since August 1, 1991.
The stages of these releases do not completg:ly

referred to as “interim

inundate most sand bars and debris fans.
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METHODS OF STUDY

Delineation of Geomorphically-
Significant Tributaries of the Colorado
River

Selection Criteria for Tributaries

We identified and designated geomorphically
significant tributaries between Lees Ferry and
Diamond Creek (appendix 2). Our definition of
geomorphically significant tributaries includes
numerous small drainages that have potential to
produce debris flows that affect the geomorphology
of the river channel. The criteria for designating
drainages were determined from analysis of 38 U.S.
Geological Survey 7.5-minute quadrangle maps of
the river corridor, and 106 maps of the Grand
Canyon region. Included were all tributaries that: 1)
have drainage areas larger than 0.01 km?; 2) are
mapped as having perennial or ephemeral streams;
3) were previously designated with an official
name; 4) clearly terminate at the Colorado River in
a single channel; and 5) contribute to formation of
obvious debris fans and (or) rapids.

Designation of these tributaries is partly
subjective and was based on our field experience in
evaluating drainages for debris-flow potential. One
of the main purposes of this study is to develop a
better sediment budget for the Colorado River
downstream from Glen Canyon Dam. Therefore,
we have concentrated our attention mainly on
tributaries for which little is currently known
regarding sediment input to the Colorado River. We
excluded the Paria River, the Little Colorado River,
Kanab Creek, and Havasu Creek from our
delineation and study of tributaries because they
have gaging stations and their sediment-transport
histories and drainage characteristics have already
been documented by the U.S. Geological Survey.
All four of these drainages exhibit evidence of past
debris flows. However, only Kanab Creek (river
mile 143.5-R) is included in this assessment of
debris-flow frequency. Appendix 2 lists the
significant tributary canyons of the Colorado River
in Grand Canyon, including information on
drainage areas, reference maps, rapid ratings (see

Stevens, 1990), locations, as well as official and
unofficial place names assigned. Additional
drainage characteristics for these tributaries are
given in appendix 3.

Areas Not Assigned to Tributaries

Many areas that could not be designated using
the criteria outlined above were designated as “E”
or extra drainage areas. This type of drainage area
also contributes sediment to the Colorado River and
typically consists of steep slopes with no
identifiable channel on 7.5-minute quadrangle
maps. Sediment contributed from these drainages is
usually delivered to the Colorado River by overland
sheetflow or is transported by small debris flows
originating as slope failures near the river. In
addition, these smaller areas do not form obvious
basins with terminal flow channels. Drainages that
were identified, but previously unnamed were
given river mile designations based on published
river miles commonly in use (Stevens, 1990).

Estimation of Drainage Areas

Drainage areas of geomorphically-significant
tributaries were estimated by hand from hand-
drawn outlines digitized on 7.5-minute quadrangle
topographic maps as noted in appendix 2.

Delineation of Eleven Study Reaches of the
Colorado River

The Colorado River in Grand Canyon has been
previously subdivided into 11 study reaches
between river miles 0 and 225 on the basis of the
type of bedrock at river level and general
characteristics of the river channel (U.S.
Department of Interior, 1989; Schmidt and Graf,
1990). We generally retained the previous
geomorphic classification of the Colorado River
established (Schmidt and Graf, 1990) during phase
I of the Glen Canyon Environmental Studies.
However, we did slightly modify some of the
beginning and ending points of some reaches in
order to refine them; the river-mile designations for
these modified study reaches are given in appendix
2. We examined 79 drainages in these eleven study
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reaches for recent or ancient evidence of debris
flow processes (Table 4). On the basis of these field
studies, we conclude that debris flows have
occurred in all of Schmidt and Graf’s (1990)
original study reaches downstream from Glen
Canyon Dam.

Determination of Frequency for Debris
Flows

Repeat Photography

Repeat photography has been used successfully
in previous geological and biological studies in
Grand Canyon and throughout the westem U.S.
(Hastings and Tumer, 1965; Tumer and Karpiscak,
1980; Stephens and Shoemaker, 1987; Webb and
others, 1989; Webb and others, 1991; Webb, in
press). Most of our frequency information for
historic debris flows (1872 to 1994) used during
this study was obtained from systematic, repeat
photography and interpretation of historical
photographs. Abundant historical photographs of
the Colorado River corridor, dating as far back as
1872, allowed us to study many different debris
fans for changes caused by debris flows, river-
reworking associated with mainstem floods, and
other geomorphic processes such as rockfall. Duri
ng our study, we matched and interpreted 1,107
historic photographs of the river corridor to
determine significant changes to tributary channels,
debris fans, rapids, sand bars, and riparian vegetati
on (appendixes 4, 5, and 6). The photographs were
studied and detailed notes were recorded both in the
field and office in an attempt to extract the
maximum amount of information available. By
using historical photographs showing specific
debris fans at different times, we were able to
bracket when debris flows occurred in selected
tributaries. For some tributaries, the dates of debris
flows could be determined to within 1 year.

A collection of photographs made by Franklin
A. Nims and Robert Brewster Stanton between
1889 and 1890 consists of 445 views of the river
at approximately 2-km intervals downstream
(appendix 4). This remarkable collection served our
study as an excellent baseline for estimating the
frequency of changes occurring on debris fans and
in rapids during the last century. A second set of

171 photographs was taken during the U.S.
Geological Survey expeditions of 1921 and 1923.
These mostly panoramic views, made by Eugene C.
LaRue, mainly show potential dam sites and
scenery in Grand Canyon (appendix 5). A total of
491 other photographs taken by many
photographers at various times were also examined
to obtain temporal coverage of specific debris fans
in Grand Canyon (appendix 6). Including the Nims-
Stanton and LaRue photographic collections, and
other photographs not replicated by us, nearly 1,200
historical photographs were examined as part of
this study.

We also examined several sets of low-elevation
aerial photographs taken between 1935 and 1994
for evidence of the occurrence of debris flows. In
1935, the Soil Conservation Service took black and
white aerial photographs of Marble Canyon (river
miles O to 61) and Diamond Creek to Lake Mead
(river miles 225 to 280) at a scale of 1:31,800; these
photographs are stored at the National Archives in
Arlington, Virginia. Another set of photographs,
taken in November 1935 under the direction of John
Maxon of the California Institute of Technology,
recorded parts of the Inner Gorge from the vicinity
of Bright Angel Creek to Specter Chasm (river
miles 87 to 129) and westem Grand Canyon from
about river mile 211 to Lake Mead (river mile 280)
in 1938. The scale of these photographs is unknown
(probably about 1:20,000). The 1965 aerial
photography is available from the EROS Data
Center in Sioux Falls, South Dakota, and 1973
aerial photography is stored at the U.S. Geological
Survey in Tucson, Arizona. Aerial photography
flown on many dates between 1980 and 1994 are
stored at the Glen Canyon Environmental Studies
office in Flagstaff, Arizona.

Radiometric Dating Techniques

Radiocarbon analysis was used to determine
ages for debris flows that predate historical
photographs (Webb and others, 1989). Where
organic materials, such as wood and charcoal, were
found in massive debris-flow deposits such as
debris levees, they were extracted from the
deposits. These types of samples are usually
interpreted as maximum ages for deposition of the
deposits owing to the possibility of long residence
times for charcoal in arid, fluvial environments.
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However, datable organic material is scarce or
lacking in most massive debris-flow deposits. As
an alternative, we extracted fine-grained organic
material from mudcoats (interpreted as being
debris-flow matrix) preserved under overhanging
walls to obtain our most reliable radiocarbon ages;
these normally consisted of small, shredded twigs.
This method provided us with additional debris
flow frequency data, but it was not always possible
to associate preserved mudcoats with debris levees
or debris fans. Owing to the delicate nature and
small size of the preserved wood samples found in
the mudcoats, we propose that this organic material
did not have a long residence time in the drainage
prior to the debris flow’s date. We assume that such
samples probably reflect the remains of small
woody plants that were growing in the channel at
the time the debris flow occurred and were
entrained in the flow.

Organic materials were analyzed for *C
activity and calibrated to an age in years before
present (yrs BP); present is defined as 1950. At
several sites, organic materials in debris-flow
deposits had significantly-elevated activities of C,
which indicates that the organic material grew after
the advent of above-ground nuclear testing in 1950.
Radiocarbon ages that predate 1950 were converted
to calendric dates using a decadal-scale calibration
(Stuiver and Becker, 1986) applied using a standard
computer program (Stuiver and Reimer, 1986).
Calibrations for “C dates older than 4,000 yrs BP
relied on the data-sets of Pearson and others (1986)
for calibration. We report the maximum range for
the radiocarbon date at one standard deviation
(appendix 7). Post-1950 radiocarbon dates were
converted using the post-bomb “C relation (Ely and
others, 1993). A complete list of radiocarbon dates
used in this study is given in appendix 7.

Frequency data for recent debris flows were
also obtained by the analysis of debris-flow
sediments for their ¥Cs activity. A by-product of
fallout from above-ground nuclear testing, the
detection of ¥’Cs activity in debris-flow deposits
should indicate a post-1952 deposition; this is most-
probable in arid environments where soil leaching
isminimal. This technique is useful for delineating
the time range of historic floods (Ely and others,
1993). For example, in cases where change was
caused by a debris flow that occurred since 1890
(based on the original photograph), *’Cs analysis

was used to establish whether the debris flow
occurred between 1890 and 1952 or between 1952
and the date of sampling. The interior sediments of
pre-1950 debris flow deposits should not give a
detect for ¥"Cs if leaching is not a factor, however,
surface samples collected from such deposits
should give a positive detection result. Ely and
others (1993) found that leaching of radionuclides
from the surface to interior sediments was not a
significant contamination problem in fine-grained
flood deposits. Sediments analyzed for *’Cs were
sand-size-or finer; in several cases, we analyzed
concentrated silt and clay fractions separated by dry
sieving.

Measurement of Sediment
Characteristics

Debris flows commonly are poorly-sorted
mixtures of sediment containing particles ranging
from clay to boulders. To account for boulder-size
sediment, accurate sampling of the particle-size
distribution of a debris flow deposit is essential, but
problematic owing to the size of the samples
required to determine accurate size distributions.
Representative samples of Grand Canyon debris-
flow deposits for laboratory sieving cannot be
easily collected because a prohibitively large
sample weight is necessary to accurately account
for boulders. Collection of such large samples is
normally impossible owing to the isolated nature of
the study areas and the limitations of transporting
heavy samples out of Grand Canyon. Therefore, we
used several methods in combination with limited
sample collection to estimate the particle-size
distribution of Grand Canyon debris flow deposits.

Point Counts

Point counts were made in the field on debris
flow deposits containing particles that are too large
to easily transport to the laboratory for standard
dry-sieve analysis (Wolman, 1954). For deposits
judged to be representative, 50 to 100-m measuring
tapes were stretched over the surface of the deposit
at parallel intervals to form a transect sampling
grid. The length of the transect was variable but
typically ranged from 10 to 100 m, and the distance
between adjacent tapes was generally 0.25 to 0.50
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Table 4. List of tributaries of the Colorado River In Grand Canyon that have been examined as part of this study
[(X), indicates that the attribute listed in the column was either observed or measured in the drainage. Tributary names are taken directly from U.S.
Geological Survey 7.5-minute quadrangle maps in all cases where the name does not appear in quotation marks. Names in quotations indicate that
we used informal namesl]

Ancient  Recent Recent
debris debris stream Particle
Colorado flow flow Stratigraphy Discharges flooding size
Tributary name River Mile evidence evidence  analyzed estimated evidence measured
Cathedral Wash 28R X X
Badger Canyon 79R X X
Jackass Creek 79L X X
Soap Creek 11.2L X X X
House Rock Wash 16.8R X X X
“18 Mile Wash” 18.0L X X X X
“19 Mile Canyon” 19.0R X
Unnamed tributary 199L X X X
Sheep Spring Wash 244L X X X
Shinumo Wash 29.2L X X
Unnamed tributary 305R X X X
Nautiloid Canyon 34.7L X X X X
Buck Farm Canyon 41.0R X X
Unnamed tributary 429L X X X
Tatahoysa Wash 43.2L X X
Unnamed tributary 43.7L X X
Saddle Canyon 47.0R X
Unnamed tributary 49.8R X
Nankoweap Canyon 52.2R X X X
Kwagunt Canyon 56.0R X
Unnamed tributary 61.1R X X
Unnamed tributary 625R X X X X
“Crash Canyon” 62.6R X X X X X
Unnamed tributary 63.3L X X X X X
Lava Canyon 65.5R X X X X X X
Palisades Creek 65.5L X X X X
Unnamed tributary 66.3L X X
Espejo Creek 66.8L X X X
Comanche Creek 67.2L X X
Tanner Canyon 68.5L X X X X X
Cardenas Creek 709L X X X X X
Unnamed tributary 71.2R X X X X X
Unnamed tributary 72.1R X X X X X
Unkar Creek 72.6R X
75-Mile Creek 75.5L X X X X X X
Red Canyon 76.7L X X
Hance Creek 78.7L X X X
Clear Creek 84.1R X X
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Tabie 4. List of tributaries of the Colorado River in Grand Canyon that have been examined as part of this
study—Continued

Ancient  Recent Recent
debris debris stream Particle
Colorado flow flow Stratigraphy Discharges  flooding slize
Tributary name River Mile evidence evidence  analyzed estimated evidence measured
Bright Angel Creek 87.8R X X
Monument Creek 93.5L X X X X X X
Hermit Creek 95.0L X X X
Boucher Creek 96.7L X X X X X
Crystal Creek 98.2R X X X X X
Tuna Creek 99.3R X X
Shinumo Creek 108.6R X
Waltenberg Canyon 112.2R X
Unnamed tributary 116.8L X X
Unnamed tributary 119.0R X X X
Blacktail Canyon 120.1R X
Forster Canyon 122.7L X X X X
Fossil Canyon 125.0L X X X
Unnamed tributary 1269L X X
Unnamed tributary 127.3L X X X X X
“127.6-Mile Canyon” 127.6L X X X X
Specter Chasm 129.0L X X
Bedrock Canyon 130.5R X X X
Galloway Canyon 131.7R X X
Stone Canyon 131.9R X
Unnamed tributary 133.0L X X X X
Tapeats Creek 133.8R X X X
Deer Creek 136.2R X X
140-Mile Canyon 139.9L X X X X
Olo Canyon 145.6L X
Matkatimiba Creek 1479L X X
Unnamed tributary 157.8R X X X X
Unnamed tributary 160.8R X X X X
National Canyon 166.4L X X X
Fern Glen Canyon 168.0R X X X
Prospect Canyon 179.4L X X X X X X
Whitmore Wash 188.1R X X X X
Parashant Wash 198.5R X X X
205-Mile Creek 205.5L X X X X
Indian Canyon 206.5R X X
Unnamed tributary 207.8L X X X X X X
209-Mile Canyon 208.6R X X X X
220-Mile Canyon 220.0R X X
“222.6-Mile Canyon” 222.6L X X
#224.5-Mile Canyon” 224.5L X X
Diamond Creek 225.8L X X X

METHODS OF STUDY 19



m. At this interval, any large particle directly
beneath the tape mark (at 0.25-m intervals) was
selected and measured; particles smaller than gravel
were selected by their closest proximity to the mark
when choice was required. The standard unit of
measurement of particles is ¢, defined as

D=2%, (1)

where D = the diameter, in millimeters, of the
intermediate (b-axis) of the particle. During point
counts, the b-axes were measured and aggregated
into one of the ¢ categories for particles >2 mm in
diameter. For example, a fine-grained deposit might
have particles in the categories of 2 to 4 mm (-1 to
-2¢),410 8mm (-2t0-3 ¢), 8t0 16 mm (-3 10 -4 ¢),
and larger (Folk, 1974). Typically, 100 to 400
particles were measured during each point count.

Sources of Patrticles >2 mm

We also recorded the formations that yielded
particles >2 mm in diameter to determine relations
among sediment source areas and material
deposited during debris flows. Identifying the
source of gravel in the field (2 to 16 mm in
diameter) is typically difficult; many particles were
recorded as “unknown” source because of small
size. We used the source classes of Kaibab
Limestone (including Toroweap Limestone),
Coconino Sandstone, Hermit Shale, Supai Group
(including four individual Formations), Redwall
Limestone (including Temple Butte Limestone and
rocks of the Surprise Valley Formation), Muav
Limestone, Bright Angel Shale, Tapeats Sandstone,
younger Proterozoic rocks (including Galeros
Formation, Nankoweap Sandstone, Dox Sandstone,
Cardenas Lavas and Shinumo Quartzite), and older
Proterozoic rocks (including schists, pegmatites,
granites, and amphibolites). Because all source
identifications were made using hand specimens,
they are subject to some unknown degree of error.
Huntoon and others (1986) contains detailed
geologic descriptions of these rocks and the areas
where they outcrop in Grand Canyon. A
stratigraphic column of these units, as they occur in

Grand Canyon and appear at river level is shown in
figure 3.

Largest Boulders

In addition to point counts, we commonly
measured the ten largest boulders that were
obviously transported by recent debris flows. We
determined whether large boulders that could have
been present in the channel before the debris flow
were transported by the debris flow by examining
aerial or oblique photography whenever possible.
We also examined boulders for fresh percussion
marks on their downstream sides and recently killed
organic debris pinned beneath them. The a- (long),
b- (intermediate), and c- (short) axes of the boulders
were measured and their lithologies and shapes
were recorded. The boulder volumes were
estimated using equations for variously shaped
solids. Typically, boulders were either shaped as
rectangular solids, right-triangular solids, cylinders
or ellipsoids. In estimating the weight of measured
boulders, we assumed an average density of 2.6
g/cm? regardless of source. Dimensions, volumes,
lithologies, shapes, and estimated weights of many
large boulders transported by several recent debris
flows are listed by drainage (river mile) in appendix
8. These data show great variability in the size and
source of boulders delivered to the Colorado River
throughout Grand Canyon by recent debris flows.

Dry-Sieve Analysis

We collected large, intact debris-flow samples
for sieve analysis at sites where deposits appeared
to be representative of the contents of a debris flow.
Typically, samples were collected from preserved,
lateral debris levees deposited along channel
margins or lobate deposits on debris fans at the
Colorado River. It is difficult to find deposits that
accurately represent the particle-size distribution of
a debris flow because many sites are severely
reworked by recessional hyperconcentrated flow
and (or) streamflow. As a result, considerable effort
was expended in locating sites for sample
collection. Once a representative deposit was
located, a volume of sediment was excavated and
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collected. The largest sediment sample we collected
(390 kg) was from the 1990 debris-flow deposit at
the mouth of Crash Canyon (river mile 62.6-R).
That sample contained all particles (including 23
boulders) found in a 1-m square area of the deposit.
Because of the large weight and logistical
complications of collecting and transporting such
samples from remote areas of Grand Canyon to the
laboratory, we typically collected smaller samples
and measured and discarded particles >64 mm in
the field. We calculated the weight of ejected
particles by assuming that the particle was shaped
like an ellipsoid with measured a-, b-, and c-axis
diameters; we again assumed an average density of
2.6 g/cm?.

We analyzed particle-size distribution using
standard techniques (Kellerhals and Bray, 1971;
Folk, 1974). Samples were air dried, then dried
again in laboratory ovens overnight at 50 to 100° C.
All particles >64 mm were removed from the
sample after carefully retaining finer particles. The
b-axes of these particles were measured, their
individual weights were recorded and segregated by
¢ class, and, in most cases, their lithologies were
also identified. The particle-size distribution for
samples with particles <64 mm and >0.063 mm in
diameter were determined using standard, brass
sieves in sets with 1 ¢ intervals between sieves.
Particles with b-axis diameters between 16 mm and
64 mm were removed by hand sieving the sample
through 16 and 32 mm sieves and the retained
particles were weighed. The total sample weight
was calculated as the sum of the weights of particles
>64 mm, particles between 16 and 64 mm, and
particles <16 mm. The sample with particles <16
mm was then split into manageable subsamples of a
maximum of 400 g for standard dry-sieve analysis.
We used a mechanical shaker for 15 minutes to
segregate particles on sets of sieves. The sets had
sieves with meshes of 0.063, 0.125, 0.25, 0.5, 1.0,
2.0, 4, 8, and 16 mm. Particles retained on each
sieve were weighed and the percent of the
subsample in each ¢ class was determined.

The particle-size distribution was then
determined by reconstructing the percentage of
particles in each ¢ class on the basis of sample
weight or by occurrence in point counts. If particle
diameters were measured in the field, the particle-
size distribution determined using sieve analysis

was adjusted for these particles after the particle
weight was calculated. If point counts also were
made on the surface of the deposit from which the
sample was collected, the two types of data were
combined. Although point counts are made using
surface exposure and dry-sieve analyses are based
on weight percent of a sample, the order of
magnitude of the resulting percentages is similar
(Kellerhals and Bray, 1971). We assumed that point
counts accurately measure particles in excess of 64
mm; therefore, the particle-size distribution >64
mm was determined using point counts, whereas
the particle-size distribution <64 mm was
determined by combining point count and dry-sieve
data. The percentage of particles <64 mm
determined by point count was adjusted by the
particle-size distribution of the collected sample.

Clay Mineralogy

The clay mineralogy of source sediments is
likely an important contributor to initiation of
debris flows in Grand Canyon. Little information is
available on the clay mineralogy of bedrock,
particularly shales, exposed in Grand Canyon’s
walls (Blakey, 1990, p. 161). Layers with large
amounts of smectites, particularly montmorillonite,
may act as potential slip surfaces and promote slope
failures. Alternatively, other clays minerals,
particularly kaolinite, may be dispersive and aid in
the rapid disintegration of cohesive sediments
during intense rainfall.

We analyzed clay particles finer-than 2 pm for
mineralogy using a common technique (D.M.
Hendricks, University of Arizona, written
commun., 1988). Representative samples extracted
using the pipet method were saturated with
magnesium (Mg) and potassium (K), respectively,
and mounted on glass slides. X-ray diffraction
scans were made of the Mg-saturated samples
following equilibrium at 54 percent relative
humidity and solvating with ethylene glycol.
Similar scans were made of the K-saturated
samples after heating to 300° and 500° C. The clay
mineralogy was interpreted qualitatively and semi-
quantitatively from the relative intensities and
positions of the peaks obtained from X-ray
diffraction.
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Reconstitution of Water Content

The water content of recent Grand Canyon
debris flows at the time they occurred was
estimated using dry-sieved samples weighing 5 to 8
kg. All particles with b-axis diameters >16 mm
were removed using standard sieves. In a plastic
mixing tray, water was added in small increments to
the sample (typically less than 100 ml) and mixed
well; between additions, the mixture was
qualitatively examined for properties similar to
those of debris flow. These properties include the
ability to flow as a plug, to form lateral levees
(indicating internal shear), and to support particles
>16 mm. When the mixture first exhibited these
properties, the water content was calculated to
reflect the driest possible debris-flow mixture. We
continued to add water until the mixture no longer
had clearly observable debris-flow properties,
particularly the ability to support large particles.
This water content, the probable upper limit of
hyperconcentrated flow (Beverage and Culbertson,
1964, Pierson and Costa, 1987), typically occurs at
a water content of 40 to 70 percent by weight. We
report the range in possible water content at which
the debris-flow sediment samples first exhibited
debris-flow characteristics.

Peak-Discharge Estimates

Grand Canyon tributaries produce three distinct
types of floods. These types, as defined by Pierson
and Costa (1987), are streamflow (<40 percent
solids), hyperconcentrated flow (40-80 percent
solids), and debris flow (>80 percent solids).
Although determination of the magnitude and
frequency of debris flows is the primary concern of
this study, we also estimated discharges for
streamflow and hyperconcentrated flow floods.

Streamflow

Tributary streamflows and debris flows are
commonly associated with one-another in Grand
Canyon. Streamflow typically constitutes the
recessional phase of Grand Canyon debris flows,
although such floods may also precede debris flows
in some cases (Cooley and others, 1977). Evidence
of streamflow includes deposition of well-sorted

sediment on channel margins and in the bed, and the
presence of well-delineated zones of organic debris
along high-water lines. .

Peak discharges of streamflow were estimated
using the slope-area technique (Dalrymple and
Benson, 1967). Mean velocity, V, of streamflow
was estimated using Mannings equation,

V= I/n -R 0.67.S 0.5’ (2)

where R = hydraulic radius, S = the friction slope,
and n = a roughness coefficient called Mannings n.
Discharge is calculated using

Q=A-Y, 3

where Q = discharge and A = the cross-sectional
area. A relatively-uniform channel-reach was
selected whenever possible that had continuous
high-water marks on both channel sides. Two to
three cross sections were normally surveyed and
Manning-n values were visually estimated on site.

Evidence of Debris-Flow Process and Peak-
Discharge Stage

Four types of evidence of debris flows are
commonly preserved in tributaries of the Colorado
River. These types of evidence consist of: 1) debris
levees composed of poorly-sorted sediments
deposited along channel margins; 2) continuous or
discontinuous mudlines preserved on overhanging
walls; 3) damaged plants on the sides of the channel
that are scarred, buried, or surrounded by poorly-
sorted sediment; and 4) continuous or
discontinuous muddy scour lines preserved on
hillslope channel margins, channel walls or
terraces. Evidence of debris flow may be difficult to
discern from streamflow scour except when the top
of the scour zone is associated with freshly-
deposited cobbles and boulders. Intact debris-flow
levees containing fine-grained matrix sediment or
debris levees reworked into lines of boulders are the
most reliable indication of a recent debris flow.
Evidence of ancient debris flows typically consists
of levee deposits from which the original matrix
sediment has been removed by rainfall, fluvial
reworking by streamflows, and (or) weathering of
boulder surfaces (Bull, 1991, p. 116-118). The
presence of a bouldery, poorly-sorted debris fan is
an almost certain sign that a debris flow has
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occurred in a tributary; deltaic deposits resulting
from streamflow floods are typically finer and
graded. In addition, badly-damaged trees, which in
many cases have been sheared-off at ground level,
also usually indicate that debris flows have recently
occurred in a tributary.

Sediment-Yieid Estimates

We estimated the amount of sediment eroded
from initiation points in four drainage basins (river
miles 62.5-R, 62.6-R, 127.3-L, and 127.6-L) where
debris flows had recently occurred. We measured
the depth of scour and width of channels near the
head of the drainages examined. In some cases, it
was obvious that part of the sediment from the
eroded hillslope was deposited locally in the
tributary channel; therefore, not all sediment eroded
from the initiation point was deposited in the debris
fan. We documented the depth of sediment that
aggraded the channel wherever possible. Freshly-
exposed roots and incised colluvial deposits
commonly provided the best evidence for scouring
of source sediments. Such estimates were made
only in drainages smaller than 2 km?, where debris
flows had been initiated by fire-hose effects in
colluvial deposits at the base of near-vertical
bedrock walls.

Indirect Estimates of Debris-Fiow Peak
Discharge

The opportunity and likelihood of directly
measuring the velocity and discharge of a debris
flow in Grand Canyon is very limited. Debris flows
occur infrequently in most tributaries and are
seldom witnessed. Because of this, peak discharges
of debris flows were indirectly estimated during
this study. High-water marks of debris flows
typically are mudlines preserved under
overhanging cliffs; the arid climate of Grand
Canyon allows for long-term preservation of these
mudlines making the estimation of peak discharge
for prehistoric debris flows possible in some cases.
Scour lines also provide evidence for high-water
marks where debris flows have occurred. Plants,
particularly cacti, at the maximum-flow elevation
frequently preserve mud, gravel, and other types of
debris that can be used to reconstruct the maximum
stage of the debris flow. Exposed roots and freshly

abraded tree trunks are commonly found in
channels through which debris flows have passed.
These types of flow elevation evidence provide data
for the estimation of a debris flows peak discharge.

Tributary canyons of the Colorado River in
Grand Canyon are characteristically well-suited to
estimating peak discharges of debris flows. These
tributaries typically have more than one channel
bend along their course where evidence of
superelevation and runup are preserved. This makes
it possible to compare several sites for consistency
of estimates and (or) changes in flow
characteristics. Ideal sites have had minimal scour
during debris flows, such as bedrock-controlled
channels with relatively uniform reaches in which
continuous mudlines are preserved on both sides of
the channel.

Because the mechanics of debris flow are
complicated, standard methods used to estimate
peak discharge for streamflows are not applicable
to debris flows. Mannings equation (eq. 2) is
inappropriate for estimating peak discharges of
debris flows because it was developed only for
Newtonian fluids; debris flows behave as non-
Newtonian fluids (Costa and Jarrett, 1981).
Mannings n (a frictional coefficient) does not
adequately reflect energy losses in debris flow
associated with channel roughness (Antonious
Laenen, U.S. Geological Survey, written commun.,
1986; Laenen and others, 1987). Debris flows have
complex interactions among particles that create
internal shear-strength, cause energy losses, and
support large particles in suspension.

Debris flows are mixtures of clay- to boulder-
sized sediments and water; typically, the volumetric
water concentration ranges from about 10 to 30
percent (Pierson and Costa, 1987; Major and
Pierson, 1992). A variety of classifications have
been proposed for distinguishing debris flows,
hyperconcentrated flows, and streamflows
(Beverage and Culbertson, 1964); recent work has
focused on rheological properties (Pierson and
Costa, 1987). Debris flows are characterized by
cohesive properties that are probably related to clay
content, sand content, grain-particle interactions
which result in shear strength, and the ability to
transport large boulders (Rodine and Johnson,
1976; Johnson and Rodine, 1984; Costa, 1984).
Source lithologies, which strongly affect particle-
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size distributions and, therefore, flow rheology in
debris flows, vary greatly in and between individual
drainages in Grand Canyon. The properties of
debris flow are contrasted by those of
hyperconcentrated flow, which also has been
documented in Grand Canyon (Webb and others,
1989).

Hyperconcentrated flows contain between 20
and 60 percent water by volume (Beverage and
Culbertson, 1964; Pierson and Costa, 1987). These
flows deposit faint but distinctive sedimentary
structures (mostly faint, laminar bedding) with
unique sorting characteristics (coarsening-upward).
Some researchers believe hyperconcentrated flows
behave as quasi-Newtonian fluids (Pierson and
Scott, 1985). The sedimentological criteria used to
define  transitions  between  streamflow,
hyperconcentrated flow, and debris flow are based
on differences in particle-size distribution,
sedimentary structures such as slight laminar
bedding, and an overall coarse-sand, upward-
coarsening texture commonly containing erratic
cobbles and boulders (Pierson and Costa, 1987).
Commonly, debris-flow deposits are characterized
by the complete absence of sedimentary structures,
very poor sorting, and massive appearance. Debris
flows are thought to move as laminar flowing plugs
(Enos, 1977; Johnson and Rodine, 1984) and under
certain conditions (i.e., in steep channels) may be
highly erosive (Pierson, 1980). In low-gradient
channels, debris flows typically are non-erosional
and depositional; however, all of these types of
floods can cause erosion in steep channels.

Superelevation and Runup Estimates

During flow through channel bends, the surface
of a flowing fluid typically rises on the outside of
the bend and drops on the inside of the bend
(Apmann, 1973). The difference in flow elevation
between the inside and outside of bends is termed
superelevation (Apmann, 1973). Superelevated
flow is caused by centrifugal forces being exerted
on the flowing fluid mass as it moves around the
bend (fig. 4A). The mean fluid-flow velocity
determined using the superelevation method (V) is
related to the difference between the raised
elevation of flow on the outside of the bend and the
lower elevation of flow on the inside of the bend
(fig. 4B) by

Vy=(g-R, AH /W) O3 )

where g = acceleration due to gravity (9.8 m/s?), R,
= the radius of bend curvature along the channels
centerline, H; = the difference in cross-channel
surface elevation at the point of maximum
superelevation, and W = the channels top width at
the point of maximum superelevation. Use of
equation (4) requires the assumption be made that
the flow is steady, uniform, and that all flow lines
are parallel to one another as flow proceeds through
the bend. Because debris flows are viscous-type
fluids, this assumption may be justified.

When a flowing fluid encounters a stationary
obstruction in its flow path (typically a tree trunk,
vertical wall, bridge pier, etc.), the momentum of
the fluid forces it to runup the immovable object.
The height of runup is related to the flow velocity
using a method similar to that of superelevation. In
both cases, we assume that the peak velocity at a
point on the bedrock wall is close to the mean
velocity of the flow, which is a tenuous assumption.
Many of the sites where we identified debris-flow
runup occurred in tight comers (nearly 90-degree
bends) where the flow encountered the channel wall
nearly straight-on.

The mean velocity of flow at a runup site (V) is
estimated using

V,=(2.g-AH,) 03, )

where H, = the difference between the maximum
runup and unobstructed flow-surface elevation
(usually a continuous mudline up and downstream
from the runup obstruction). Evidence of runup
typically is also found at a superelevation site,
allowing for estimates of debris flow velocity by
both methods (egs. 4 and 5). In Grand Canyon
tributaries, evidence of runup is usually preserved
in tight corners of bedrock channels, or on rock
buttresses protruding into the channel. As a result,
many locations preserve evidence of superelevation
and runup in close proximity to one another. In
many cases, the peak-flow velocities estimated
using superelevation and runup evidence were quite
similar (Webb and others, 1989). Pierson (1985)
compared measured surface velocities with indirect
estimates of mean velocity. These velocities
presumably are similar if plug flow exists; he found
that mean velocities estimated using indirect

METHODS OF STUDY 25



%
<
~”~
- ~
~ L7 B MAXIMUM
- SUPERELEVATION

[0} 20FEET /
L ey [l 1
(S IOMETERS /
EDGE
OF
WATERFALL

Flgure 4. Methods used to indirectly estimate peak discharges in Marble and Grand Canyons. A. Plan view of channel
bend at site A in “Crash Canyon” (river mile 62.6-R), a tributary of the Colorado River. This view illustrates a typical site
containing flow superelevation evidence, which was used to indirectly estimate peak discharges of debris flows in
Grand Canyon.
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R), a tributary of the Colorado River.
Figure 4. Continued.

techniques averaged 15 percent lower than actually-
measured flow-surface velocities. If the plug-flow
analogy is valid for debris flows in Grand Canyon,
Pierson’s work suggests that the velocities reported
in this report may be underestimated.

In this study, debris-flow elevations on both
sides of the channel were surveyed to fully
encompass channel bends. The profiles of flow-
surface elevations were compared to determine
superelevation and (or) runup through the channel
reach (fig. 4B). Indirect-discharge sites were
subjectively rated as good, fair, or poor based on
several site characteristics. If the channel contained
continuous evidence of debris flow on both sides of
the channel, was uniform, and was bedrock-
controlled, it was rated as good. Designations of fair
and poor were assigned as one-or more of these
criteria were not met; the site-ratings are given in
the peak discharge summary tables of this report.
Bedrock-controlled cross sections were used for
peak discharge estimations whenever possible. The
points of maximum superelevation and runup were
identified and superelevation and runup equations
were used to estimate peak velocities at these

points. At sites where velocity estimates could be
determined by both superelevation and runup
methods, both of the estimates were used to
determine a range in velocity.

Peak discharges were estimated using equation
(3). Cross sections were surveyed above, at, and
below the site of maximum superelevation and (or)
runup wherever possible. Normally, the area of the
upstream cross section(s), where the flow-surface
elevation was approximately equal on either side of
the channel, were combined with the velocity
calculated at the point of maximum superelevation
or runup to calculate peak discharge. Upstream
cross sections were preferred because they may
better reflect the velocity of the debris flow
immediately before encountering the channel bend,
where it then expends energy in superelevation and
(or) runup. However, each site was individually
evaluated for accuracy, resulting in the selection of
mean and averaged, final peak discharge values at
some sites.

Webb and others (1989) found that cross-
sectional areas at sites of maximum-superelevation
were commonly 1.5 to 3.5 times greater than areas
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determined in cross sections up or downstream,
assuming a linear cross-channel flow-surface. This
can be explained by the fact that the viscous debris
slurry does not maintain a linear flow surface as it
superelevates around the bend. Photographs of
superelevated debris flows takenin China (K. Scott,
written commun., 1991) reveal that the surface of
the flowing debris is curved. Therefore, cross-
sectional areas determined at the point of
superelevation may be much larger than the actual
cross-sectional area occupied by the slurry. In two
cases (a slight constriction occurring in the channel
bend), we found that the cross-sectional area at the
point of maximum superelevation was less than the
area measured at cross sections either up or
downstream from the bend. We concluded that the
velocity estimated at the maximum superelevation
reflected the effect of the constricted channel rather
than the average flow velocity upstream or
downstream. Therefore, we chose to report the peak
discharge that occurred at that point in these
exceptional cases.

All measured cross-sectional areas were
evaluated at the 31 indirect-discharge estimate
sites. The number of acceptable cross sections
varied from one at 7 sites to 11 at one site.
Commonly, only one cross section in the study site
had definite flow-surface evidence and a stable
channel bed; therefore, site selection was limited. In
the case of one measured cross section, flow
elevations were rarely equal on both sides of the
channel and a linear flow-surface was assumed. Of
the 24 indirect peak discharge estimates where
multiple cross sections were surveyed, peak
discharge estimates were calculated from the cross
section with the minimal cross-channel elevation
difference in 20 cases. At one study site with 11
cross sections, a mean discharge was determined; at
two other sites, an averaged value derived from the
upstream and downstream cross sections were
chosen.

GEOMORPHICALLY-SIGNIFICANT
TRIBUTARIES OF THE COLORADO
RIVER

A total of 529 geomorphically significant
tributaries of the Colorado River between Lees

Ferry and Diamond Creek (river miles O to 225)
were identified as having the potential to produce
debris flows (appendix 2). These tributaries also
produce relatively frequent streamflow floods that
also deliver sand-and-finer sediment to the
Colorado River. The total drainage area of
tributaries of the Colorado River, excluding the
Paria and Little Colorado Rivers and Kanab and
Havasu Creeks, is 9,516 km?, The average tributary
has a drainage area of about 18.1 km?; the median
drainage area is 1.79 km? and the range is 0.02 to
934 km?. The amount of drainage area contributing
runoff, but without definite channels (E-areas) is
about 408 km?, or approximately 4 percent of the
area of significant tributaries. The combined
drainage area of geomorphically significant
tributaries is 13 percent of the total contributing
drainage area of Grand Canyon, which includes the
Paria and Little Colorado Rivers and Kanab and
Havasu Creeks.

The drainage area of geomorphically
significant tributaries varies among the eleven
study reaches (Table 5). Reach 10 has more than
3,500 km? of tributaries, or over an order-of-
magnitude more than Reach 1, which has 268 km?
of tributaries. Reaches 2, 10, and 11 have the largest
tributaries, whereas Reaches 5 and 7 have the
smallest (Table 5). The amount of contributing area
of tributaries varies between the left and right sides
of the river; reflecting the regional geology of the
canyon. In reaches 1, 2, 6, 8, and 11, the area of
drainages from one side is more than double the
area from the other side. This asymmetry in
contributing area of tributaries results from the
slight regional dip (2 to 3 degrees) of Grand Canyon
strata to the south; hence, the drainage divides of
many south-side tributaries coincide with the south
rim of Grand Canyon. This geologic control on
drainage may explain many differences between the
reaches in the frequency and magnitude of debris
flows and their associated effects on the
geomorphology of the Colorado River. Admittedly,
the variability of drainage area between study
reaches is greatly influenced by the fact that the
reaches also vary significantly in length. This fact,
however, also reflects the variability of geology
along the river which ultimately controls the
geomorphic character of the Colorado River
channel throughout Grand Canyon.

28 Magnitude And Frequency Data For Historic Debris Flows In Grand Canyon National Park And Vicinity, Arizona



Table 5. Summary of study-reach statistics for drainage areas tributary to the Colorado River in Grand Canyon
[Study-reach desigg}ations are taken directly from Schmid]t and Graf (1990), based on bedrock geology and related morphology of

the river channel. Number of tributaries, from appendix 2

Mean area of

Study Number of Total area Mean area  Mean area of left-side right-side
reach River mile tributaries (km") (kmz) tributaries (kmz) tributaries (kmz)
1 0.0-11.3 15 268 179 8.8 315
2 11.3-22.6 26 1,468 61.2 17.2 145.0
3 22.6-359 35 480 13.0 124 13.8
4 35.9-61.5 66 555 84 9.0 7.8
5 61.5-774 49 222 45 48 42
6 774-117.8 100 1,238 124 6.1 19.2
7 117.8-125.5 23 105 44 44 4.2
8 125.5-140.0 47 425 9.2 25 16.6
9 140.0-160.0 21 258 123 10.7 154
10 160.0-213.9 113 3,536 313 41.7 214
11 213.9-225.8 30 964 321 525 89

SOURCE AREAS AND INITIATION
MECHANISMS FOR DEBRIS FLOWS
IN GRAND CANYON

The occurrence of debris flows is related to the
abundance and settings of source sediments in
tributaries. Source sediments may either be
weathered and jointed bedrock, colluvium, or
sediment stored adjacent to channels (most
commonly channel alluvium in the form of debris
flow levees). The Paleozoic and Proterozoic strata
exposed in Grand Canyon (fig. 3) provide a wide
variety of source lithologies in a setting of high
topographic relief. As the size and relief of Grand
Canyon has increased through time, so has the
variety of available debris-flow source sediments
exposed by on-going erosion. In addition to
weathered and fractured bedrock sources, abundant
source sediments are available from Quaternary and

Tertiary colluvium (Cooley and others, 1977, plate
I; Huntoon and others, 1986). Observations of
failure scarps, in both weathered bedrock and

~ colluvium, suggests that source areas for debris

flows may encompass most of the drainage area in
many cases.

Ford and others (1974) list slab-failures and
rock avalanches as commonly occurring throughout
the Grand Canyon, although the exact frequency of
these processes is poorly known. Furthermore, they
reported that rockfalls generally occur in all
seasons, at all times of day, and under a wide range
of weather conditions. During our winter field
excursions we have noticed the increased likelihood
for rockfalls to occur during prolonged periods of
rain. We witnessed such a period recently in
January 1993, when several hundred small rockfalls
occurred in Marble Canyon during a 4-day period.
On the basis of our experiences, we¢ have also
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noticed a likelihood of increased rockfalls in Grand
Canyon in association with summer (monsoon)
thunderstorm season. The elevational and
temperature gradients of Grand Canyon range
widely owing to the extreme topography of the
region. The area is also subject to a high degree of
annual and inter-annual climatic variability,
especially during the warm-season (Graf and
others, 1990; Hereford and Webb, 1992). These
conditions are conducive to precipitation-related
infiltration and frost action that affect large surface
areas of bedrock. Generally speaking, prolonged
winter precipitation and freezing temperatures
favor rockfalls and the formation of talus and
colluvium, while convective thunderstorms, driven
by monsoonal circulation in summer, promote
debris flows by creating short-duration, intense
rainfall.

Regional and localized faults, folds, and joints
probably play a large role in controlling conditions
that promote mass wasting in the canyons of the
Colorado River. Therefore, the degree of structural
deformation associated with a given drainage basin
can also influence the abundance of source
sediments, drainage-area characteristics, and the
location of future debris flows. In general, drainage
basins that contain extensive faults should be
expected to produce larger volumes of sediment
available for debris-flow initiation, simply owing to
the fracturing and weathering of exposed bedrock.
75-Mile Creek, which formed along strike of the
east-trending 75-Mile Fault, provides a good
example of the relation between faulted bedrock
and debris-flow frequency. The asymmetry of this
tributary, and its high frequency of debris flows, is
related to preferential formation of drainages along
the highly-fractured, footwall-side of the 75-Mile
Fault. Three debris flows since 1959 have been
initiated exclusively in colluvium accumulated in
these footwall sub-basins.

Debris flows are commonly initiated by slope
failures that occur during intense rainfall. The
intensity of rainfall required to initiate debris flows
in Grand Canyon is unknown, but sparse data
indicate that a sustained intensity of more than 20
mm/hr and a total rainfall of 25 to 50 mm may be a
minimum requirement (Webb and others, 1989;
Melis and Webb, 1993).

We have identified three types of initiation
mechanisms related to slope failures responsible for

triggering Grand Canyon debris flows. These are 1)
bedrock failures in weathered outcrops; 2) the fire-
hose effect (Johnson and Rodine, 1984); and 3)
failures in colluvial wedges during rainfall only.
Bedrock failures typically occur in Hermit Shale,
the Supai Group, and (or) the Muav Limestone.
Failures may also occur in Redwall Limestone, but
these are rare and form only small debris flows.
Failures in bedrock occur along faces of weathered
cliffs during intense precipitation, providing an
excellent initiation mechanism for debris flows.
Failures in colluvium caused by the fire-hose effect
occur when floods pour over waterfalls and rapidly
erode unconsolidated colluvial wedges mantling
outcrops of Hermit Shale or Muav Limestone and
Bright Angel Shale. This last mechanism is the
most common type that initiates Grand Canyon
debris flows. Talus-slip failures of saturated
hillslope sediments in colluvium or talus-covered
slopes, the third type of initiation mechanism,
normally occurs during very intense and (or)
prolonged rainfall. Colluvial-wedge failures
generally initiate small debris flows.

Saturation of failure-prone talus may be
intensified by concentrated sheetflow runoff from
cliff faces. This situation is exemplified by talus at
the base of prominent, cliff-forming strata, such as
the Redwall Limestone. Precipitation intensities on
a slope during a storm may be augmented with
sheetflow running off the face of exposed bedrock.
Accumulated sheetflow runoff is then concentrated
at the intersecting line between the talus and
bedrock. Under these conditions, saturation of
materials may occur more quickly; the importance
of this phenomenon has been discussed in relation
to extreme floods in other arid environments
(Schick, 1988). Because of these conditions,
failures on talus slopes may occur during relatively
moderate precipitation conditions, compared to
those commonly reported at precipitation stations,
when storm cells encounter high-relief, vertical
walls commonly found in Grand Canyon. Talus-
covered slopes in Grand Canyon that have limited
vegetal cover, and are commonly adjacent to
extensive bedrock exposures, further increase the
likelihood of slope failures. Multiple source areas
combined with extreme topographic relief can
result in combinations of the three basic initiation
mechanisms.
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Ultimately, it is both the supply of source
sediment, and occurrence of precipitation that
controls the frequency and magnitude of debris
flows (Bull, 1991). If production of colluvium is
reduced, and the frequency and intensity of storms
increases, debris flows will occur increasingly until
source areas are scoured clean. Once this occurs,
debris flow frequency will decline until sediment
production resupplies favored source areas for
debris flows. Geomorphic responses to climatic
fluctuations have likely occurred in Grand Canyon.

Although the probability of occurrence of
certain initiation mechanisms (i.e., fire-hose
effects) decrease as source sediments are removed,
large volumes of sediment may remain on adjacent
hillslopes. These source areas are still prone to
classic soil-slip failures, but may not be subjected to
rainfall intensities necessary to cause debris flows
under prevailing climatic conditions. Hence,
variability in the climate of northern Arizona, as
well as changes in the locations of source sediments
strongly affects debris-flow frequency and
magnitude through time periods ranging from
decades to millennia. Ultimately, both past and
present climatic conditions related to debris flow
probability are reflected in the geomorphic
framework of the Colorado River.

DOCUMENTATION OF HISTORIC
DEBRIS FLOWS

Debris fans at the mouths of 169 tributaries
were analyzed for changes using 1,107 replicated
photographs of the river corridor. The original
views were taken between 1872 and 1980. These
data, representing 32 percent of the
geomorphically-significant tributaries of the
Colorado River in Grand Canyon, provide one
means for determining the frequency of historic
debris flows. A total of 142 tributaries were
recorded in replicate photographs spanning at least
a century. The remaining 27 tributaries were
recorded in photographs taken mostly in 1923.
Sixteen small chutes in E-areas also were recorded
in the photographs.

A time series of repeat photography was
developed for several tributaries by collecting
historical photographs taken at different times

during the last century. For example, we have
examined 161 historical photographs of Prospect
Canyon (river mile 179.4-L) and Lava Falls Rapid
(river mile 179.3-L) that allow detailed
reconstruction of debris-flow magnitude and
frequency. Other sites with considerable records of
repeat photographic include Badger Canyon and
Jackass Creek (river mile 7.9), Soap Creek (river
mile 11.2-R), Palisades Creek (river mile 65.5-L),
Monument Creek (river mile 93.5-L), Waltenburg
Canyon (river mile 112.2-R), Kanab Creek (river
mile 143.5-R), and Diamond Creek (river mile
225.8-L).

By analyzing the positions of boulders on
debris fans and in rapids, we determined whether or
not tributaries had debris flows during the span of
time between replicate photographs. We identified
97 historic debris flows in historic photographs,
indicating that 57 percent of the tributaries with
repeat-photography records had debris flows during
the last 122 years. Approximately 43 percent of the
tributaries in Grand Canyon have a frequency of
less than one debris flow per century. Twelve steep-
angle chutes in E-areas that had debris flows during
the last century indicate that these drainage areas
are active producers of relatively-frequent, small
debris flows.

MAGNITUDE AND FREQUENCY
DATA FOR SPECIFIC TRIBUTARIES

Cathedral Wash (River Mile 2.8-R)

Cathedral Wash drains 17.27 km? in upper
Marble Canyon (fig. 1). Using interpretations of
replicate views from 1890 and 1991, Cathedral
Wash has not had a debris flow during the last
century.  However, hyperconcentrated-flow
deposits are preserved just upstream from the
confluence. Wood preserved in the top of these
deposits was radiocarbon dated as 106.2+1.2
percent modern activity of carbon (PMC),
indicating a calendric date of either 1957 or 1989.
No ¥'Cs was detected in the sediment, which
suggests a date before 1952. Using these
constraints, and owing to the fact that we know of
no hyperconcentrated or debris-flows that occurred
in this tributary in 1989, we conclude that the most
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recent flooding in Cathedral Wash probably
occurred in the early 1950s.

Badger Canyon (River Mile 7.9-R)

Badger Canyon and Jackass Creek (river miles
7.9-R and 7.9-L) are opposing drainages in eastern
Marble Canyon that have drainage areas of 47.01
and 52.24 km?, respectively (fig. 1). Badger Creek
Rapid (river mile 7.9) is the first major rapid of the
Colorado River downstream from Glen Canyon
Dam in Marble Canyon. The rapid is formed by
opposing, low-angle debris fans from the opposing
tributaries (fig. 5). Historically, early river
expeditions, beginning with the Brown-Stanton
expedition of 1889-90, lined or portaged their boats
around this rapid; consequently, most expeditions
photographed the rapid from its margins. Also,
because this area is easily accessible by road from
both sides of the river, many people have
photographed the rapid at various times from the
rims (table 6). The tributaries that formed these
debris fans head in Mesozoic rocks, which are the
source area for debris flows; these areas include
shales in the Chinle Formation.

On August 17, 1994, a debris flow followed by
a larger streamflow flood occurred in Jackass
Creek. Heavy rainfall between 5:30 and 8:00 PM,
was the likely cause for the debris flow. The debris
flow began in two tributaries of Jackass Creek in
the steep terrain of the Echo Cliffs. The flow was
initiated by failure in the Chinle Shale in one
tributary, and in a colluvial wedge in the second.
The debris flow enlarged the existing debris fan and
altered flow through Badger Rapid, increasing its
severity.

A total of 75 historical photographs of Badger
Creek Rapid (table 6) were analyzed to determine if
debris flows had occurred in either Badger Canyon
or Jackass Creek during the last century. Before the
1994 event, no historic debris flows had occurred in
Jackass Creek between 1890 and 1993 (river mile
7.9-L), although streamflow floods of substantial
magnitude have apparently moved boulders 1-to-2
m in diameter down its channel during the last
century. Most of the boulders on the left side of the
rapid, presumably deposited by debris flows from
Jackass Creek (fig. 5), have persisted over the last
century. Some of these boulders have been rotated

or moved by discharges in the Colorado River by
streamflow floods in Jackass Creek.

A large debris flow occurred in Badger Canyon
(river mile 7.9-R) during the last century.
Comparison of views made by George Wharton
James in 1897 and Raymond Cogswell in 1909
indicates that the left side of Badger Creek Rapid
was aggraded around the turn of the century. Large
rocks that form pourovers (water pouring over large
boulders) in the center of the rapid at discharges
between 142 and 850 m3/s were deposited during
this debris flow. Careful analysis of views made by
Franklin A. Nims in 1889 and a repeat view made
in 1990 also indicates that the apex of the debris fan
at the mouth of Badger Canyon has aggraded. The
deposition of large boulders at the top of the rapid
changed the flow pattern of Badger Creek Rapid,
and boulders on the lower right side of the rapid,
shown in the foreground of James' view, have been
removed. Sediment deposited by this debris flow
contained no organic debris, and a ¥’Cs activity of
0.00810.007 pCi/g was measured. Although this is
a detectable amount of *’Cs, it probably represents
atmospheric fallout and leaching transport through
the sediment. No other debris flows have occurred
in Badger Canyon since 1909.

Soap Creek (River Mile 11.2-R)

Soap Creek drains 90.26 km? on the north side
of the river in eastern Marble Canyon (fig. 1). Soap
Creek Rapid apparently formed the most serious
navigational hazard on the river for early river
runners based on historical accounts. All river
runners before 1930 either chose to portage their
boats around this rapid or unsuccessfully attempted
to run it; this usually resulted in capsized boats
(Webb, in press). By his own account, Soap Creek
Rapid was the only rapid not run by George Flavell
during his 1896 run of the river (Carmony and
Brown, 1987). The Kolb brothers attempted to run
the rapid in 1911, only to flip both of their boats
(Kolb, 1914). The first successful run of Soap
Creek Rapid was unintentional; the boatman was
not aware that the rapid was Soap Creek Rapid
(Eddy, 1929).

At some point in the mid-1930s, Soap Creek
Rapid became less difficult to navigate. River
runners encountered fewer of the violent hydraulic
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Figure 5. Oblique aerial photograph of Badger Creek Rapid (river mile 7.9) and the mouth of Jackass Creek (river
mile 7.9-L) on October 4, 1958 (PT Reilly, Sun City, Arizona, photograph L42-17). View is east and discharge in the
Colorado River is about 162 m%s. A debris flow that occurred between 1897 and 1909 caused extensive deposition
on the Badger Canyon debris fan (left center); rocks that appear in the top center of the rapid were deposited by that
debris flow. The direction of river flow is left to right.
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Tabie 6. List of historical photographs of Badger Creek Rapid (river mlie 7.9), debrls fans at the mouths of
Jackass Creek and Badger Canyon (river miles 7.9-R and 7.9-L), and sand bars below the rapid

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Badger Creek Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River at Lees Ferry. After 1963, discharge is estimated
from known stage-discharge relations at Badger Creek Rapid. These estimates are perhaps accurate to 1,000 fi%/s. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; DS, downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Stake Discharge
Year Date Photographer Original number number Side Direction Subject (ft3/s)
1889 Dec28 Nims 277 1406a RR us R,DESB ~5,000
Dec28 Nims 278 1403 RL Us R,DF ~5,000
1897 Dec 1 James P45271 2353 RR Us R,DF n.d.
Dec 1 James P45259 nm. RL Us R,DF nd.
Dec 1 James P43996 nm. RR us R,DF nd.
Dec 1 James P44578 nm. RR Us R,DF nd.
Dec 1 James P43990 nm. RL AC R,DF nd.
1909 Oct28 Cogswell 616 2351 RR Us R,DFSB n.d.
Oct28 Cogswell 617 nm. RR Us R,DF nd.
1911 Nov8 Kolb NAU 568-1069 1401 RR USs R,DF n.d.
Nov8 Kolb NAU 263-3423 1404 RL us R,DF n.d.
1914 Dec Tadje nd. 2354 RR uUs SB,DF nd.
1923 Jul22  Freeman 16 1397 RR DS R,DF,SB 31,600
Jul22 LaRue 334 2057 RR DS R,DESB 31,600
1927 Jul 18 1Eddy 59 2757 RL Us R,DF 25,100
Dec 4 1Eddy nd. 1405 RL AC R,DF 9,730
1934 Jul19  Fahmi 3-16 nm. RL AC R,DF 1,600
Jul19  Fahmi 3-17 nm. RL AC R,DF 1,600
1935 nd. SCS 3-284 nm. AV AV R,DF nd.
1938 Jul14  Clover 2:13:02 2727 RL AC R,DF 23,800
1941 Jul 15 Heald 3:06:12 2726 RL us R,DF 25,900
1942 Jul 15 Wilson 4:06:12 2725 RL Us R,DF 23,000
1947 Jul12  Marston 477 COLOR 1013 2019 RL Us SB,R 35,800
1952 Jun19  Leding NPS 705b RL DS R,DE,SB 98,800
Jun19  Leding NPS 2296 711 RL DS SB 98,800
Jun19  Leding NPS 2298 712a RL AC R,DF 98,800
Jun19  Leding NPS 2299 712b RL AC R,DF 98,800
Jul 11 Belknap Vol 43(80) 2016 RL AC DF 34,000
Jul 12 Belknap Vol 43(88) 2048 RL DS R,DESB 31,400
Jul12  Belknap Vol 43(90) 2017 RL DS R,DFSB 31,400
Jul12  Belknap Vol 43(91) 2017 RL DS R,DESB 31,400
Sep21 Leding NPS 2333 2059 RL DS R,DFESB 7,050
1954 Jan 2 Reilly R44-1 705b RL DS R,DE,SB 4,440
1955 Mar21 Reilly L12-00 nm. AR AC R,DESB 10,400
Sep13 Marston 559 MECN 8.7 2012 RL DS R,DF,SB 3,140
1956 May 31 Atherton Vo143(103) 2064 RL AC R.DFESB 55,400
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Table 6. List of historical photographs of Badger Creek Rapid (river miie 7.9), debris fans at the mouths of
Jackass Creek and Badger Canyon (river miles 7.9-R and 7.9-L), and sand bars beiow the rapid—Continued

Stake Discharge
Year Date Photographer Original nhumber number  Side Direction Subject (#3/s)

1956 Jun17 Marston 566 MECN 8.7 2013 RL AC R,DESB 40,600

Jul Nichols n.d. 2060 RL AC R,DF ~14,000
1956  Jul Nichols n.d. 2058 RL DS SB ~14,000
1957 May6 Reilly L30-30 n.m. AR AC R,DF,SB 17,000

May 6  Reilly L30-31 n.m. AR AC R,DESB 17,000

Oct27  Butchart 5710 MECN 8.8 n.m. AL DS R,DE,SB 12,900
1958  Oct4 Reilly L42-17 n.m. AR AC R,DESB 5,700
1959 Jun2 Marston 596 MECN 8.8 2015 RL DS R,DESB 19,300

Aug28 Marston 598 MECN 8.28.2.2 2014 RL DS R,DESB 7,010

Aug 28 Marston 598 MECN 8.28.12 1787 RL AC R,DF 7,010

Aug 28 Marston 598 MECN 8.28.3 2352 RL AC R,DESB 7,010

Sep26  Marston 599 MECN 8.11 1788 RL AC R,DF,SB 7,010
1962 Jun24  Reilly L56-02 2063 RL DS R,DESB 49,400
1963 Jun17  Reilly L66-15 2061a RL AC R,DESB 2,520

Jun17  Reilly R78-01 2061b RL AC R,DESB 2,520
1964  Oct31  Belknap Koda 13 n.m. AL AC R,DESB nd.
1965 May 14 USGS n.d. n.m. AV AV R,DESB 26,700
1972  Aug2l Turner NPS 705b RL DS R,DF,SB nd.

Aug22 Turner NPS 2296 711 RL DS SB n.d.

Aug 22 Tumer NPS 2298 712 RL AC R,DF nd.
1973 Jun16 USGS nd. n.m. AV AV R,DESB 3-14,000

Jul 8 Weeden 1-5 2018a RL AC SB n.d.

Jul 8 Weeden 14 2018b RL Us SB,DF n.d.

Jul 8 Weeden 1-7 1786a RR Us R,DESB n.d.

Jul 8 Weeden 1-8 1786b RR AC SB n.d.
1974 n.d. Howard 785-4 2355a RL AC SB n.d.

nd. Howard 785-5 2355b RL AC SB nd.

n.d. Howard 785-6 2355¢ RL AC SB n.d.

n.d. Howard 7859 2356 RL AC SB n.d.

n.d. Howard 786-1 2357 RR AC SB n.d.
1977 nd 2Blaustein plate 10 2065 RL DS R,DESB n.d.
1982  Oct5  Tumer NPS 2298 T12a RL AC R,DF n.d.
1983  Oct17  Turner NPS 2296 711 RL DS SB n.d.

Oct 17  Turner NPS 2298 712a RL AC R,DF n.d.
1984  Aug12 Tumer NPS 2296 711 RL DS SB n.d.

Oct21 GCES 1-193 n.m. AV AV R,DESB nd.

1See Eddy, 1929.
2See Blaustein, 1977.
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standing-waves at the head of the rapid that had
convinced early explorers to portage it. Soap Creek
Rapid has been run regularly since that time (Webb,
in press). Modern river runners do not consider the
rapid to be a serious navigational hazard in Marble
Canyon (Stevens, 1990).

Before changes that occurred to the rapid in the
1930s, the most significant navigational hazard in
Soap Creek Rapid was a large standing wave
formed by boulders at the head of the rapid (Kolb,
1914). The standing wave is visible in a 1935 aerial
photograph of Soap Creek Rapid (table 7). The
rocks forming this hazard are not visible in modern
aerial photographs, even when the river discharge is
low (less than 142 m3s) or in any historical
photographs taken of the rapid after 1941 (table 7).

On the basis of our examination of photographs
of Soap Creek Rapid taken throughout the last
century, a debris flow occurred in Soap Creek
between 1935 and 1941. We replicated 18 historical
photographs of Soap Creek Rapid (table 7). The
replicate pair that best shows the changes caused by
this flood is based on an E.C. LaRue photograph
taken in 1923 and replicated in 1988 (number 309,
table 7). Our match shows that significant
deposition of boulders on the upstream side of the
debris fan has partly filled in the right side of the
upper pool in the rapid. The large rock that created
the navigational difficulty in the rapid may have
been washed downstream or was buried under the
debris. The change caused by this debris flow
represents a classic example of how debris flows
may actually decrease the navigational difficulty of
some rapids. Whether the navigability of a rapid
becomes more or less difficult depends on the
specific arrangement of boulders in a rapid, the
morphology of both the tributary and river channels
at the point of confluence, and the extent of river-
reworking that the rapid and debris fan have
undergone.

House Rock Wash (River Mile 16.8-R)

House Rock Canyon (river mile 16.8-R) drains
770.52 km? in eastern Marble Canyon (fig. 1).
House Rock Rapid (river mile 16.8), formed by the
low-angle debris fan deposited at the mouth of
House Rock Canyon, is one of the most severe in
the first 70 river miles of the Colorado River in

Grand Canyon (Stevens, 1990). Several replicates
of historical photographs first taken in 1890 and
1923 show evidence of subsequent deposition on
the debris fan by at least one large debris flow. This
debris flow reportedly occurred in 1966 (Steiger,
1993), although it was not associated with the
widespread tributary flooding that occurred in
December 1966, which reportedly only affected
tributaries downstream from river mile 65 (Cooley
and others, 1977; John Cross II, written commun.,
1994). River guides report the changes occurred
sometime between 1966 and 1971 and claim the
rapid became wider and easier to run after the large
dam releases of 1983.

Several methods were used to constrain the date
of this debris flow. Aerial photographs taken in
1935 and 1973 indicate the debris flow occurred
between these dates. The aggraded debris fan
appears in aerial photographs taken on an unknown
date in the 1960s (Hamblin and Rigby, 1968).
Several twigs collected from a preserved debris-
flow levee about 1 km upstream from the Colorado
River yielded a “C activity of 122.7+2.1 PMC,
which indicates the debris flow occurred after the
1950s. On the basis of the relation of post-bomb
14C, the plant that produced the dated organic matter
died in either 1959 or 1982. The activity of 1*’Cs in
the debris-flow matrix was 0.12310.009, indicating
deposition after 1952. The results of both
radiometric techniques are consistent with a date of
1966-1971 for the debris flow.

“18-Mile Wash” (River Mile 18.0-L)

This informally named tributary drains 5.06
km? on the south side of the Colorado River, of
which 4.0 km? is above the rim of Marble Canyon
(fig. 6). A large separation bar formerly present on
the downstream side of the debris fan at 18-Mile
Wash provided a popular camping beach for river
runners in the 1960s, 1970s and early- to mid-1980s
(fig. 7). Schmidt and Graf (1990) use this site as an
example of changes in the elevation and volume of
a sand bar in response to releases from Glen
Canyon Dam between 1963 and 1986. As an
unfortunate end to their studies, a debris flow in 18-
Mile Wash completely buried the separation bar,
constricted the Colorado River, and enlarged an
existing riffle on or about August 24, 1987 (fig. 7).
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Table 7. Historical photographs of Soap Creek Rapid (river mile 11.2), the debris fan at the mouth of Soap Creek
(river mile 11.2-R), and sand bars below the rapid (river mile 11.3)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Badger Creek Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River at Lees Ferry. After 1963, discharge is estimated
from known stage-discharge relations at Badger Creek Rapid. These estimates are perhaps accurate to 1,000 fi3/s. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Stake Discharge
Year Date Photographer Original number number side  Direction Subject (ft%/s)
1872 nd. Bell 102 1398 RR DS R,DF,SB nd.
nd. Bell 276 2047 RR DS R,.DE,SB nd.
1889 Tul9 Nims 284 1556 RL DS R,DESB ~15,000
Dec 30 Nims 283 1407 RL DS R,DESB ~5,000
1909 Oct 29 Cogswell 622 1555 RR uUs R,.DF nd.
Oct 29 Cogswell 624 nm. RR Us R.DF nd.
Oct 29 Cogswell 625 n.m. RR uUs R,DE,SB nd.
1911 Nov 8 Kolb 568-887 2571 RR uUs R,DF ~5,000
Nov 8 Kolb 568-1033 1411 RR DS R,DESB ~5,000
1921 May 9 LaRue 308 1247 RL AC R,DESB nd.
May 9 LaRue 309 1248 RL Us R.DF,SB nd.
1923 Aug 2 LaRue 339 1091 RR AC R,DESB 24,300
Aug 3 LaRue 340 2200 RR AC R,.DF 24,300
Aug3 LaRue 568-3253 1408 RR Ds DF 24,300
Aug 3 LaRue 568-3244 1409 RR AC R,DF 24,300
Aug 3 LaRue 568-2977 1410 RR uUs R.DF 24,300
Aug 3 LaRue 568-2984 nm. RR AC R,DF 24,300
Aug 3 LaRue 568-2977 1410 RR uUs R,DF 24,300
Aug3 LaRue 568-2977 1410 RR uUs R,DF 24,300
Aug3 LaRue 568-5100 n.m. RR Us R,DF 24,300
1927 Dec 5 LaRue J5-J10 n.m. RR DS R,DESB 9,370
1934 Jul 19 Fahmni 3-26 n.m. RR Us R,DF 1,450
Jul 19 Fahmi 3.27 n.m. RR us R,DF 1,450
1935 nd. SCS 6307 n.m. AV AV R,DF nd.
1941 Jul 15 Heald 3:2:9 2588 RR uUs R,DF 25,900
1942 Jul 15 Wilson 4:9:11 2589 RR uUs R 23,000
1957 May 4 Reilly L30-28 n.m. AV AV R,DF,SB 17,000
May 4 Reilly L30-29 n.m. AR AC R,DESB 17,000
Sep 30 Marston 579 MECN 11.8 n.m. AR AC R,DESB 7,240
1958 Apr20 Reilly L37-5 n.m. AL uUs R,DE,SB 31,400
Apr 20 Reilly 584 MECN 11.6 nm., AL us R,DF,SB 31,400
Jun3 Marston 586 MECN 11.611.8.8 nm. RR DS R,DESB 100,000
Jun 8 Marston 586 MECN n.m. RR DS R,DE,SB 88,600
1963 Jun 18 Reilly L66-34 n.m. RR DS R,DE,SB 2,500
1964 May 23 Reilly L73-08 nm. RR AC R.DESB 1,020
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Table 8. Indirect peak-discharge estimate for the streamfiow flood of July 1987 in “18-Mile Wash” (river mile

18.0-L), site A

Site Description

Location: Site A, located above South Rim of Marble Canyon, about 100 m upstream from a Kaibab Limestone waterfall; evidence

of peak discharge is a continuous line of driftwood.
Mean basin elevation: 1,521 m.
Drainage area: 4.04 km?

Reach description: Reach is straight with falls of 1 to 3 m above and below the study section; depositional evidence indicates that
the flood was streamflow with a bedload of gravel and coarse sand.

Slope-area Discharge Estimate

Cross Manning Area

Veiocity Froude

section n-value (m%) Conveyance (m/s) number  Discharge (m¥s) Slope (m/m)
2 0.035 117 263 48 1.81 56
4 0.040 173 405 32 1.06 55 0.05
5 0.035 154 396 3.6 1.25 55
Discharge 24 = 54 m%/s
Discharge 4-5 = 60 m%/s
Discharge 2-5 = 56 m%/s
Frequency
Discharge, in cubic meters per second
+ Percent Standard Error
Source Qs Qs Qo0
I'Thomas and Lindskov (1983) 41165% 60+65% 84166%
(Utah low plateaus)
Roeske (1978) 9.3t83% 14186% 21191%
(Arizona NW plateaus)
Roeske (1978) 6.3180% 8.9185% 11191%
(Arizona NE plateaus)

lUsing Thomas and Lindskov (1983) estimates, which have lower standard errors, the approximate recurrence interval of the flood is

estimated at 40 to 50 years.

The amount of precipitation that caused the
debris flow is unknown because there are no
precipitation stations near this watershed. The
debris flow was initiated when streamflow
originating above the South Rim of Marble Canyon
fell about 100 m from the top of Kaibab Limestone
cliffs onto slopes of Hermit Shale and Supai Group
and mobilized colluvium and loose bedrock into a
debris flow.

Discharge Estimate

Peak discharge for the streamflow flood that
caused the debris flow in 18-Mile Wash was
estimated in a channel reach 100 m upstream from
the rim of Marble Canyon. The streamflow

transported a bedload of well-sorted gravel with
about 17 percent sand-and-finer sediment (fig. 8A).
Continuous lines of driftwood and organic debris
on both sides of the tributary channel were surveyed
to define high-water marks used to estimate peak
discharge. On the basis of the particle-size
distribution of the alluvial bed deposits, and the
roughness on the channel banks, we assigned a
Manning n-value of 0.035 to one cross section and
0.040 to two others. A three-section slope-area
analysis yielded a discharge of 56 m?®/s with a range
between cross sections of 55 to 56 m?3/s (table 8).
Froude numbers for the streamflow were greater
than 1.0, which indicates that flow in the channel
was supercritical as it approached the rim of Marble
Canyon.

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 39









PARTICLE SIZE, IN MILLIMETERS

© B o
wn < © o o
N © - < — = (=)
x 100 T T T T T T T T T T
| A R
< WS ——— 1ST DEBRIS PULSE
80 L R R 2ND DEBRIS PULSE | _|
= . N\ | = — - HYPERCONCENTRATED
1| A\ FLOW
€ 60l N EEEEE STREAMFLOW ]
| )
o '~
w \
> 40 | N .
F N
9 S S
2 20} N !
2 T ~
0 1 ] ] : 1 I ! ] T"'I"'r-‘-'-
-8 -6 -4 -2 0 2 4
PARTICLE SIZE, IN PHI UNITS
6 0 B T I i 1
particles = 100
50f .

SUPAI

;

UNKNOWN

PERCENT
w
o
KAIBAB
COCONNO

HERMIT

PARTICLE SOURCE

Figure 8. Particle-size and source distributions of various deposits associated with the debris flow of 1987 at “18-Mile
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distribution of particles contained in the initial pulse of sediment deposited during the 1987 debris flow.
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C, Time series of changes in the particle-size distribution of the distal edge of the 1987 debris fan exposed at a

discharge of 140 m%/s or less in the Colorado River.

Flgure 8. Continued

We did not attempt to reach the steep terrain where
the 1987 debris flow was initiated. However,
observation from the rim indicated that the debris
flow was mobilized in a colluvial deposit at the base
of the waterfall. In the short (~200 m) reach
upstream from where the channel plunged through
a series of waterfalls in the Supai Group, debris
flow levees were deposited on the right side of the
channel. No other appropriate reaches for
estimation of debris-flow peak discharge were
observed from the rim or accessible from the river.

Sediment Characterlstics

On the basis of the sediment deposits we
analyzed at the debris-flow fan, the debris flow of
August 1987 had at least two peaks.
Sedimentological and stratigraphic evidence
examined on the debris fan (fig. 6, site B) indicated
that the 1987 flood consisted of an initial pulse of
debris, followed by a smaller recessional debris-
flow pulse that was separated from the first one by

a short period of hyperconcentrated flow (fig. 8A).
The main pulse of debris flow contained many large
boulders, with the 10 largest ranging in weight from
1.3 to 6.7 Mg (appendix 8). The deposit associated
with the initial debris-flow pulse contained about
20 percent sand-and-finer sediment and contained
from 8 to 12 percent water by weight. Lithology of
the coarse part of the main lobe of the debris flow
was comprised of Supai Group rocks, Kaibab
Limestone, and Coconino Sandstone (fig. 8B). This
source distribution is consistent with our
preliminary conclusion that the debris flow was
initiated in deposits overlying the Hermit Shale and
Supai Group.

Many point counts were made and sediment
samples were collected from the debris fan at 18-
Mile Wash to measure the variability of particle-
size distribution. Of these, the particle-size
distributions of the recessional debris-flow peak
and the hyperconcentrated-flow deposit are
noteworthy (fig. 8A). Although both contained
mostly particles <64 mm, the debris flow contained
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Table 9. Summary of mineralogies of clay-sized particles less-than 2 um collected as subsamples from debris
flow matrix sediments identified at selected sltes where recent debris flows have occurred in Grand Canyon
[(0), indicates that the mineral was not detected; (1), indicates that trace quantities of the mineral were detected; (2), indicates that a small amount
of the mineral was detected; (3), indicates that a moderate amount of the mineral was detected; (4), indicates that a large amount of the mineral was
detected; and (5), indicates that the mineral was the dominant mineral detected. Muscovite and biotite were not differentiated]

Interpreted Clay Monetarily Abundance

Year of
debris Montmor- Vermic-

Site flow illonite ulite  Chlorite Micas Kaolinite Quartz Feldspar Calcite
“18-Mile Wash” 1987 1 0 0 4 3 1 2 2
Debris flow
“18-Mile Wash” 1987 2 0 0 3+ 3 2 2 0
Hyper. flow
Mile 19.9-L 1987 0 0 0 4 2 0 2 0
Lava Canyon 1966 0 0 0 4 3 1 2 2
75-Mile Creck 1987 0 0 0 3 3+ 1 2 2
75-Mile Creck 1987 0 0 0 4 2 1 0 0
75-Mile Creek 1987 0 0 0 4+ 2 0 0 0
Monument Creek 1984 0 0 0 4 3 1 2 0
Crystal Creek 1966 0 0 0 4 3 1 2 1

significantly more particles with diameters between
16 and 64 mm than did the hyperconcentrated-flow
deposit (fig. 8A). The dominant clay minerals in
both the matrix sediments of the debris flow and
the hyperconcentrated-flow deposits were un-
differentiated micas and kaolinite; montmorillo-
nite was detected in trace or small amounts in
both the initial debris-flow pulse and the
hyperconcentrated-flow deposit (table 9). The
kaolinite likely originated in the Hermit Shale, and
the montmorillonite probably was eroded from
soils on top of the Marble Platform.

Effects on the Separation Bar

The 1987 debris flow buried the separation bar
and the entire downstream side of the debris fan at

the mouth of 18-Mile Wash. Exposures seen in rills
incised through the debris-flow deposit indicate that
little underlying sand was eroded by the flood
before burial by the debris flow. The prograded fan
decreased the width of the Colorado River by about
7 to 10 m and increased the gradient and total drop
through the riffle around the debris fan. The newly
aggraded debris fan is not completely inundated by
river flows of less than about 1,270 m3/s, which
indicates that the separation bar will not be reestab-
lished unless releases from Glen Canyon Dam
(currently limited to a range of 142 to 510 m?¥/s) are
significantly increased in the future. By 1989, a
veneer of sand had been deposited at the distal edge
of the 1987 debris fan (fig. 7B).

The area of the 1987 debris fan inundated by
river discharges of less than 850 m3/s was
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significantly reworked between 1987 and 1991 by
high fluctuating-flows ranging from less than 142
to about 850 md/s; these flows were associated
solely with power plant operations at Glen Canyon
Dam. Repetitive surveying of profile lines
established along the medial axis of the new debris
fan in January 1986 indicated no major differences
in the topographic profile of the debris fan between
October 1987 and January 1989 (Jack Schmidt,
Utah State University, written commun., 1991).
The particle-size distribution along the distal edge
of the debris fan below the 142 m3/s discharge level
was periodically monitored (four times) between
1987 and 1994 (fig. 8C). These data show that
coarsening of this part of the debris fan occurred
under a high range of powerplant releases between
1987 and 1991. These releases included daily
discharges up to 850 m?s; the coarsening of the
deposit resulted from erosion of particles in the
1987 debris fan with diameters <256 mm.
Repetitive particle-size measurement between 1992
and 1994 indicates that the distal edge of the debris
fan contained finer sediment than it did in early
1991, just before the onset of interim flows
ranging from 142 to 566 m?3/s. In contrast to the
initial coarsening apparent on the fans distal edge as
early as October 1987, particle-size data collected
in 1993 and 1994 showed a slight reversal in the
trend. Owing to the reduced competence of interim
flows compared to normal powerplant operation,
finer particles are apparently able to remain on the
fans distal edge.

Frequency

Frequency of the 1987 debris flow at 18-Mile
Wash was evaluated in three ways. First, regression
relations of flood frequency have been developed
for several regions surrounding Grand Canyon
(Roeske, 1978; Thomas and Lindskov, 1983).
These relations are between drainage-basin area
and the quantile estimates of flood frequency,
which usually are the 2-, 5-, 10-, 50-, and 100-year
discharges. We considered three regions to be
appropriate: the low plateaus of southemn Utah
(Thomas and Lindskov, 1983), the northwestemn
plateaus of Arizona, and the northeastern plateaus
of Arizona (Roeske, 1978). Regional relations
indicate that peak discharges between 6 and 84

m?/s have recurrence intervals between 25 and 100
years (table 8). The substantial difference between
regression relations of flood frequency in northern
Arizona and southemn Utah required a choice
between the two sets of published regression
equations. We rejected the relations of Roeske
(1978) that indicated a recurrence interval of
greater than 100 years for the flood. Even though
Roeske’s study sites are geographically closer to
Grand Canyon, the standard errors associated with
his method are higher than those provided by
Thomas and Lindskov (1983); we therefore
accepted a recurrence interval of approximately 50
years for the streamflow flood at 18-Mile Wash
determined using their relations (table 8).

Comparison of aerial photographs taken in
1965 and 1984 reveal few changes in the debris fan
at 18-Mile Wash. The only historic photograph of
the debris fan was taken by Harmer Weeden in
1973. This view, which is similar to that of figure
8A taken in 1984, shows that the debris fan at 18-
Mile Wash remained unchanged between 1973 and
August 1987. Whereas the repeat and aerial
photography does not address the occurrence of
previous debris flows, it shows that the debris flow
of 1987 was the only major sediment flood to occur
between 1965 and 1994 (29 years).

At the apex of the debris fan, preserved
remnants of two debris-flow deposits of unknown
age overlic multiple deposits of silt and sand
deposited by the Colorado River. On the basis of
their positions, these older debris-flow deposits
attained much higher flow elevations than did the
1987 deposit upon reaching the river, indicating
that they were deposited by significantly larger
floods. Analyses of the silt and sand and the
overlying debris-flow deposit yielded no detection
of ¥’Cs activity, which indicates the silt and sand
and the debris-flow sediments were deposited
before about 1952. The analyses suggest that no
large debris flows occurred in 18-Mile Wash
between 1952 and 1987 (35 years).

Unnamed Tributary at River Mile 19.9-L

On August 13, 1987, an unnamed drainage at
river mile 19.9-L had a debris flow during the same
storm that affected “18-Mile Wash.” The tributary
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Figure 10. Particle-size and source distributions of various deposits associated with the debris flow of 1987 in an
unnamed tributary of the Colorado River at river mile 19.9-L in Marble Canyon. A, Particle-size distribution of the
undisturbed part of the 1987 debris fan. B, Source distribution of particles on the undisturbed, 1987 debris fan.
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drains 3.78 km?, most of which is above the rim of
Marble Canyon on the south side of the river (fig.
9). Streamflow, which originated in the drainage
basin above the South Rim, fell over a 120-m-high
cliff of Kaibab Limestone and initiated a debris
flow in the colluvium and rock of the Hermit Shale
and Supai Group. This debris flow subsequently
flowed through a channel incised into Supai Group
rocks that dropped about 190 m before depositing
on a steep, pre-existing debris fan. The debris flow
eroded part of what is informally called *“20-Mile
Beach” and slightly enlarged an existing riffle in the
Colorado River (fig. 9, site A).

Peak discharge could not be estimated for this
debris flow because of a lack of suitable sites over
the short distance that the debris flow travelled
before reaching the river (fig. 9). New debris-flow
levees were formed on the right side of the debris
fan, whereas the left side of the debris fan was
eroded. A particle-size distribution for the debris
flow was determined by combining point-count and
dry-sieve data derived from sediment sampled from
the channel-right debris-flow levee at the debris fan
(Site A, figs. 9 and 10A). The debris-flow fan
deposit contained about 50 percent sand-and-finer
sediment, on the basis of point-count data, and had
a water content of 17 to 19 percent by weight. The
coarser component of the sampled debris-flow
deposit consisted mostly of sediments from Kaibab
Limestone and Supai Group rocks, with lesser
amounts of Coconino Sandstone (fig. 10B). About
one-third of the clasts in the point-count sample
could not be identified because they were finer than
gravel. Undifferentiated micas and kaolinite are the
most abundant clays contained in the debris-flows
matrix; montmorillonite was not detected (table 9).

Unnamed Tributary at River Mile 30.5-R

An unnamed tributary at river mile 30.5-R had
at least one debris flow on an unknown date during
the last century. This tributary drains 0.95 km? of
the north side of the river (fig. 1). Evidence of this
debris flow is contained in recently-replicated
views of historical photographs originally taken in
1890 and 1923. A small sample of wood collected
from an undisturbed debris levee in the main
channel about 0.2 km upstream from the
confluence, yielded a “C activity of 103.4%1.3

percent of modern carbon. This corresponds to a
calendric date of either 1956 or 1989, on the basis
of the post-bomb “C relation. A comparison of
aerial photographs taken in 1988 and 1990 indicates
that one debris flow occurred in 1989 (appendix 1).

Nautiloid Canyon (River Mile 34.7-L)

Nautiloid Canyon drains 10.59 km? on the
south side of the Colorado River (fig. 1). Much of
the drainage area of this tributary is above the South
Rim of Marble Canyon. A recent debris-flow lobe
preserved near the mouth of Nautiloid Canyon
overlies an older deposit of unknown age, as well as
part of a separation bar. We analyzed the ¥Cs
activity of both deposits and detected no *’Cs in
either. This result alone indicates that no debris
flows occurred in Nautiloid Canyon since 1952.
However, deposits seen on the debris fan in a
comparison of aerial photographs taken between
1965 and 1984 indicate that a small debris flow
probably occurred in Nautiloid Canyon between
1980 and 1984.

Unnamed Tributary at River Mile 42.9-L

A small debris flow occurred in this 1.33 km?
drainage (fig. 1) during the summer of 1983. The
local and regional precipitation data indicate the
debris flow probably occurred in July or August.
Owing to the inaccessibility of the tributary channel
upstream from the confluence, we were unable to
estimate a peak discharge for this debris flow. The
debris flow deposited large boulders on the debris
fan, which ranged in weight from 4 to 62 Mg
(appendix 8), and created levees along the margins
of the incised channel through the debris fan.
Particle-size distributions for undisturbed deposits
on the debris fan, boulder levees, and the reworked
surface of the existing debris fan were determined
by point counting (fig. 11A). The source
distribution of the debris-flow levee sampled
indicates the debris flow was comprised mostly of
Supai Group rocks (fig. 11B). Comparison of the
source distributions of the undisturbed debris-flow
levee and the reworked debris-fan surface show a
slight increase in Redwall Limestone boulders on
the reworked surface (fig. 11B). These data reflect
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Figure 11. Particle-size and source distributions of various deposits associated with the 1983 debris flow in an
unnamed tributary of the Colorado River at river mile 42.9-L in Marble Canyon. A, Particle-size distributions of an
undisturbed 1983 debris-flow levee and the reworked surface of the pre-1983 debris fan. B, Source distributions of
particles on the pre-1983 debris fan and the 1983 debris-flow levee.
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Figure 12. Particle-size and source distributions of various deposits associated with a 1983 debris flow in an unnamed
tributary of the Colorado River at river mile 43.2-L in Marble Canyon. A, Particle-size distributions for a 1983 boulder
levee, a 1983 debris-flow levee, and a pre-1983 reworked debris-fan surface. B, Particle-size distributions for a < 64
mm fraction of the 1983 debris-flow matrix and a 1983 hyperconcentrated-flow deposit.
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C, Source distributions of particles on the 1983 debris-flow levee and the pre-1983, reworked debris fan surface. D,
Source distribution of particles in the 1983 boulder-levee deposit.

Figure 12. Continued
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the significance of the Supai Group in the formation
and evolution of debris fans and rapids in Reach 4
(river miles 36 to 61). Part of the existing separation
bar was buried by debris-flow sediment transported
by this relatively small debris flow.

The frequency of debris flow in this unnamed
tributary was determined from examination of
aerial photographs of the debris fan taken between
1965 and 1992. These photographs indicate that the
debris flow must have occurred between 1980 and
1984. The activity of **'Cs in sediment on the debris
fan is 0.04610.007 pCi/g, which is consistent with
post-bomb deposition. Our information does not
refute the 1983 date provided by river guides (G.
Bolton and D. Silva, oral commun., 1991).
Replicate photographs near the mouth of this
tributary, taken originally in 1890 and matched in
1991, indicate that the 1983 debris flow was
probably the only one to occur in this tributary
during the last century.

Tatahoysa Wash (River Mile 43.2-1)

During the summer of 1983, a small debris flow
occurred in Tatahoysa Wash, which drains 50.77
km? on the south side of Marble Canyon (fig. 1).
We assume that the debris flow occurred on the
same date as the one at river mile 42.9-L, because
we have no evidence to indicate otherwise (G.
Bolton and D. Silva, oral commun., 1993). The
debris flow also deposited prominent boulder
levees along the margins of the debris fans incised
alluvial channel; it also destroyed several catclaw
trees growing on the debris fan. We were unable to
estimate a peak discharge for the debris flow owing
to the inaccessibility of the tributary channel
upstream from the confluence.

Particle-size distributions for the boulder levee,
preserved remnants of the debris-flow deposit, and
the reworked debris fan were determined from
point counts, whereas particle-size data for a
hyperconcentrated-flow deposit associated with the
1983 flood were obtained through dry-sieve
analysis (fig. 12A and 12B). The undisturbed
debris-flow fan deposit has a significantly finer
particle-size distribution than the reworked fan
surface (fig. 12A). However, the 1983 boulder
levee has a particle-size distribution that is similar

to the reworked fan surface. Figure 12C shows a
comparison of source distributions for the pre-
1983, reworked debris-fan surface, and the
undisturbed debris-flow fan deposit. Although the
debris flow buried part of a separation bar on the
debris fan, it apparently had litle effect on the
hydraulics of the Colorado River, or the existing
rapid that was formed by a large Redwall
Limestone boulder deposited in the middle of the
river channel. The source distribution of the boulder
levee indicates that the coarsest clasts in the debris
flow were mostly from the Supai Group (fig. 12D).

The year of this debris flow was determined
from personal accounts obtained from professional
river guides (G. Bolton and D. Silva, oral commun.,
1993). However, the frequency for debris flow in
Tatahoysa Wash was also determined using *’Cs
analysis and matches made of historical
photographs showing the debris fan in 1890 and
again in 1983 and 1992. The activity of '*’Cs in
debris-flow sediment was 0.04210.006 pCi/g,
which is consistent with post-bomb deposition.
Two replicates of an 1890 photograph of the debris
fan, matched in 1983 and 1991, indicate that the
1983 debris flow was probably the only one in
Tatahoysa Wash to reach the Colorado River during
the last century. Multiple sets of aerial photographs
taken of the debris fan between 1965 and 1992 also
support the account claiming that the debris flow
occurred between 1980 and 1984. We were able to
determine that the debris flow in fact had occurred
by 1983, using a 1983 replicate of an 1923
photograph. The replicate that showed substantial
change in the debris fan had occurred by October
1983 and had not been reworked by the high dam
releases of the previous June.

Unnamed Tributary at River Mile 62.5-R

A debris flow occurred in an unnamed tributary
at river mile 62.5-R on or about September 24,
1990, during locally intense thunderstorms.
Although the debris flow was relatively small, it
resulted in significant geomorphic changes to the
existing debris fan, a small riffle, and a separation
bar. This unnamed tributary drains 0.67 km?of the
north side of the river on the southeastern flank of
Chuar Butte (fig. 13). The source sediments in the
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drainage consist of continuous, massive colluvial
wedge sediment deposits perched along the base of
Redwall Limestone cliffs. Fresh-looking erosional
rills cut into these colluvial deposits indicate that
the 1990 debris flow was initiated mainly by fire-
hose effects.

This tributary consists of several small, steep
gullies incised into colluvial hillslopes overlying
Muav Limestone. These channels join the larger,
main tributary channel at the base of the colluvium
and continue down to the river through Bright
Angel Shale and Tapeats Sandstone. No major
geologic structures exist in the tributary, but the
East Kaibab Monocline, which trends southward
immediately west of Chuar Butte (Huntoon and
others, 1986), dominates the regional structure.

Sediment Yieid Estimate

An estimate of the volume of sediment recently
scoured from the colluvial wedges was made in
March 1991. A minimum of 300 to 600 m?® of
sediment was mobilized from the colluvial wedges
during the debris flow. No evidence of bedrock
failure was found in the cliffs along Chuar Butte,
aithough the overall volume of colluvium indicates
that rockfalls probably occur frequently in these
cliffs.

Sediment Characteristics

Sediment data were collected from debris-flow
fan sediment deposited by the 1990 debris flow.
Point-count data were collected from the surface of
a debris-flow levee on the right margin of an
alluvial channel incised into the debris fan. Results
from that analysis indicate that the debris flow
contained about 41 percent sand-and-finer
sediment, on the basis of the <16 mm diameter
fraction of the sample. This is slightly higher than
the percent of sand-and-finer sediment indicated by
the point-count data (~33 percent sand-and-finer
sediment; fig. 14A); the total volume of debris
deposited in the Colorado River could not be
determined. The point-count data indicates that the
1990 debris flow was comprised of mostly Supai
Group rocks with lesser amounts of Redwall
Limestone (fig. 14B). Reconstitution of the levee
sample indicated that the debris flow contained
about 19 percent water by weight.

Bouider Transport

The exact number of large boulders transported
into the Colorado River by the 1990 debris flow at
river mile 62.5-R is unknown, but enough large
particles reached the river channel to form a new
rapid. At least two dozen large boulders were
transported to the edge of the river exposed at 142
m?/s. Many boulders were also deposited at the apex
of the existing debris fan and near the downstream,
distal edge of the debris fan. Several of these
boulders were apparently transported by the initial
pulse of the debris flow, perhaps as a lobate,
bouldery snout. The boulders consisted mostly of
semi-angular to sub-rounded particles of Redwall
Limestone with well-abraded surfaces. The largest
of these was estimated to weigh about 300 Mg
(appendix 8).

Effects on the Coiorado River

Before the 1990 debris flow, a mid-channel
debris bar comprised of gravel and cobbles was
present immediately upsiream from the debris fan
at river mile 62.5-R. This debris bar is visible
during periods of low river discharge (less than
about 200 m3/s) and is visible in aerial photographs
as early as 1965. However, it does not appear in
acrial photographs taken in 1935 or in an 1890
oblique photograph (appendix 4). During the 1990
debris flow, sediment deposited by the debris flow
physically connected the debris bar with the debris
fan. After the 1990 debris flow, a significantly-
enlarged eddy upstream from the debris fan forms
during low river discharges (100 to 200 m?¥/s). This
new eddy greatly enhances deposition of fine
sediment and the newly formed habitat has attracted
Humpback Chub (Gila cypha), an endangered
species (Mike Yard and Allen Hayden, Glen
Canyon Environmental Studies, oral commun.,
1994).

Decreased flow velocities in this area now
favor deposition and storage of river-transported
sand. Additional changes caused by the debris flow
include transport of several large boulders to the
river along with an unknown amount of finer
sediment. The largest boulder (~300 Mg) has a b-
axis diameter of approximately 5 m. At discharges
between 200 and 850 m3/s, this boulder, along with
the other new ones deposited by the debris flow,
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form a significant new navigational hazard in the
river. At river discharges below 142 m3/s, these
boulders block navigation of the channel on the
right side of the debris bar (formerly the island).
The former riffle, which consisted mainly of
turbulent, shallow flow over a gravel bar, was
transformed by the 1990 debris flow into a
significant rapid. Positions of new boulders in the
new rapid have remained unchanged by high
fluctuating-flows following the debris flow
between September 1990 and July 1991 (less than
142 to 850 m3/s), interim flows (ranging from 226
to 566 m?/s), and two floods (approximately 850 to
950 m¥s) from the Little Colorado River during
January and February 1993.

Depth of the existing debris fans incised,
alluvial channel was increased by about 2 to 3 m by
erosion from the flood, whereas the left margin of
the debris fan was aggraded by deposition of a new
boulder levee. Most of the existing separation bar
on the downstream side of the debris fan was
covered with a thin coat of reddish mud 10 to 30
mm thick. We interpreted this sediment deposit to
be the fine matrix-mud of the debris flow that
became fractionated during the dewatering of the
bouldery debris-flow levees deposited on the debris
fan.

Frequency

The frequency of debris flows at this drainage
was determined mainly from repeat photography.
An 1890 photograph with a view upstream from the
right bank just downstream from the river mile
62.5-R debris fan was replicated during January
1990, just before the debris flow, and again in
February 1991 following the debris flow. Between
1890 and 1990, the only obvious change to the river
channel at river mile 62.5 is the appearance of the
mid-channel debris bar. The debris bar must have
formed between 1935 and 1965 using aerial
photographs. The lack of significant changes in the
first replicate of an 1890 photograph, taken in
January 1990, indicates no alterations in the debris
fan or rapid in the intervening century. The rapid
formed at mile 62.5 by the debris flow of 1990
apparently is the only rapid at this site to form
during the last century. The activity of *'Cs in the

sediment deposited in 1990 was 0.233+0.017 pCi/g,
which is consistent with the date of the debris flow.

“Crash Canyon” (River Mile 62.6-R)

A small, channelized debris flow occurred in
this tributary, informally referred to as Crash
Canyon, on or about September 24, 1990. The
drainage divide of this basin is bounded by Chuar
Butte to the north and Temple Butte to the south
(fig. 13); it drains 1.79 km?on the north side of the
river. The headwaters of the tributary are along the
faces of Chuar and Temple Buttes, which are
formed by the south-trending East Kaibab
Monocline. Sediment sources here are similar but
more extensive than those described in the
unnamed tributary at river mile 62.5-R.  Crash
Canyon has a more dendritic drainage pattern than
the unnamed tributary at mile 62.5-R and includes
eight small sub-basins.

Source-Area Sediments

The source sediment for the 1990 debris flow
was derived primarily from colluvial deposits in the
north-half of the drainage basin along the base of
Chuar Butte. Sediment was also contributed by
channels on the south side of the basin along the
base of Temple Butte, but to a lesser extent.
Precipitation runoff accumulated mostly on top of
Chuar Butte, flowed over cliffs of Redwall
Limestone and apparently initiated the debris flow
by the fire-hose effect in colluvial deposits below.
Part of the debris flow may have been initiated in
the highest parts of a north-side tributary owing to a
bedrock failure in Redwall Limestone. It is likely
that a combination of these two factors were
responsible for triggering the debris flow.

An 8-kg sediment sample was collected from
colluvium deposited near the head of the tributary
in the vicinity of flow initiation points (fig. 13, site
A). The <64 mm fraction of the sample was dry
sieved to obtain a particle-size distribution of the
source sediment (fig. 15); this sample contained
about 24 percent sand-and-finer sediment. In
general, the other major source areas for debris
flows in the tributary (colluvium) contain sediments
similar to the 1990 debris-fan deposit. Small
failures in weathered exposures of bedrock and
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Figure 15. Particle-size distributions of source sediments, the 1990 debris-fan deposit, a 1990 debris-flow levee at
site A, and the 1990 snout deposit at site F in “Crash Canyon” (river mile 62.6-R).

erosional scars in colluvium were identified at other
locations throughout the drainage and revealed
similar compositions for those source areas. The
exact timing of contributions of sediment from
various parts of the drainage during the 1990 debris
flow is unknown.

Discharge Estimates and Sediment
Characteristics

Site A

At site A (figs. 4 and 13), an 80-kg sediment
sample was collected from a preserved debris-flow
levee in the main tributary channel of “Crash
Canyon.” Point counts were also made on the
surface of the debris-flow deposit where the sample
was collected. On the basis of the distribution of
<64 mm particles obtained from this subsample, the
debris flow contained about 18 percent sand-and-
finer sediment, which is identical to the fine-
sediment content of source area colluvium (fig. 15).
The source distribution of the site A debris-flow
levee deposit indicates that the larger particles in the
debris flow were mostly Redwall Limestone.
Reconstitution of the debris-flow levee sample

collected at site A indicates that the debris flow
contained 18 percent water by weight.

Evidence of the early stages of the debris flow
were abundant at this site. Site A is in a sharp bend
in a small sub-basin tributary to the main tributary
channel (fig. 13); the tributary channel here drops
abruptly through Muav Limestone. Mudlines and
debris-flow levees in the bend were highly
superelevated (fig. 4B). The bedrock channel is
relatively uniform and showed no evidence of scour
from the debris flow; we estimated a peak
discharge of 90 m3/s (table 10).

A large failure in weathered bedrock at the base
of a Redwall Limestone cliff, just upstream from
site A, was probably associated with the initiation
of the debris flow. Large boulders fell from
weathered exposures along the cliff onto
unconsolidated  colluvium mantling Muav
Limestone ledges below. However, it is doubtful
that this bedrock failure is the sole cause of the
debris flow’s initiation because fresh erosional rills
formed in hillslopes from fire-hose effects were
widespread near site A and throughout the
drainage. Downstream from site A, the debris flow
passed over a 15-m waterfall in Bright Angel Shale
and entered the main drainage channel of the
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Table 10. Indirect peak-discharge estimate for the September 1990 debris flow at “Crash Canyon” (river mile
62.6-R), site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend
Outside high-water mark: continuous mudline

Inside high-water mark: well-preserved, recent debris flow levee

Visually estimated percentage of channel controlled by bedrock: 100 percent

Supereievation data

Radius of curvature (R,) =12 m
Maximum elevation difference (AHg) =24 m
Mean Velocity (Vg) =3.8 m/s

Channel top width (W) =20m
Channel slope (S) = 0.048

Cross-section Data

Thaiweg Ares, in Hydraulic Hydraulic eI:\Ir:::on
Cross-section distance, square radijus, depth, difference, Top width,
iocation in meters meters in meters in meters in meters in meters
Downstream #1 15 23 0.8 0.9 0.7 24
Downstream #2 8 38 15 19 22 20
Downstream #3 5 25 1.0 12 24 20
Superelevation 0 42 1.8 2.1 24 20
Upstream #1 4 34 13 1.7 1.2 12
Upstream #2 30 30 1.1 25 13 12
Q=190 m?%s
Site rating for estimating discharge: Good
1Rinal discharge estimate based on minimum flow-elevation difference, LtoR.
Site B

tributary. Well preserved debris-flow levees
deposited along the channel just below the waterfall
indicate that the debris flow had mobilized no more
than 100-m downstream from the rockfall.

Mud preserved on channel walls immediately
downstream from site A had a highly-viscous
texture, somewhat like the consistency of dried
plaster. On the basis of their appearance, the
mudcoat deposits at site A are interpreted to
represent the matrix of a highly-viscous debris
flow. Twigs were extracted from this mud and
radiocarbon dated to check the association of
organic debris with a transporting debris flow of
known age. A C activity of 118.4+1.4 percent of
modern carbon is consistent with a post-1950s
deposition. Using the post-bomb 4C relation, a
calendric date for the debris flow of 1990 is
indicated by the twigs (appendix 7).

Site B (fig. 13) consists of a bedrock-controlled
channel bend in Bright Angel Shale; this reach has
reasonably uniform cross-sectional geometry. A
prominent mudline preserved on the outside of the
channel bend indicates superelevated debris flow,
whereas inside flow elevations are preserved as a
continuous scour line along the top of a low, pre-
existing, debris-flow terrace. Evidence of runup
was also found in this left-hand bend. Flow
elevations and channel cross sections were
surveyed at this site with a total-station, and peak
discharges were estimated using both the runup and
superelevation equations. The resultant discharges
(table 11) estimated indicate that the debris flow
increased in peak discharge from 90 m¥/s at site A
to between 140 and 170 m?/s at site B.

The main tributary channel upstream from the
site A showed no evidence of a recent debris flow,
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although evidence of streamflow flooding from the
head of the drainage was indicated by well-sorted
sediment deposits in the channels bed. Additional
sediment and water was added to the main channel
by other tributaries before the flow entered site B.
Mud preserved on the bedrock walls between sites
A and B had a texture indicative of a less-viscous
sediment mixture than indicated by similar mud
coats observed immediately downstream from site
A; these latter mud coats had a dripping
appearance, which probably indicates the water
content of the debris flow had increased by the time
it traveled downstream from site B.

Site C

Site C is in a right-hand bend of the main
tributary channel where it flows through Tapeats
Sandstone (fig. 13). Evidence of superelevation
consists of a continuous mudline preserved on the

outside of the curve and a continuous scour line on
the terrace along the inside of the channel. The
channel geometry of the bend is irregular, but the
bedrock channel was not significantly eroded by the
debris flow. The peak discharge at site C was
estimated to be 290 m?/s (table 12), indicating that
the magnitude of the debris flow increased
significantly between sites B and C. The increase
probably resulted from scour of bed material and
the contribution of  sediment-transporting
streamflow that originated in the sub-basins
entering the main tributary channel between the two
sites.

Site D

Site D (fig. 13) consists of a left-hand bend in a
bedrock channel flowing through Tapeats
Sandstone. This channel reach showed no
indication of scour by the debris flow. Evidence of

Table 11. Indirect peak-discharge estimate for the September 1990 debris flow at “Crash Canyon” (river mile

62.6-R), site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend also containing a runup

Outside high-water mark: continuous mudline

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 40 percent

Superelevation and runup data

Radius of curvature (R;) =19 m
Elevation difference (AH,) =24 m
Mean velocity (Vi) =5.1 m/s
Mean velocity (V,) = 4.0 m/s

Channel top width (W) =17m
Elevation difference (AH;) = 0.80
Channel slope (S) =0.11

Cross-section data

Flow-
Thaiweg Area, in Hydraulic Hydrauilc elevation
distance, square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 18 34 0.2 22 0.6 15
Superelevation 0 146 04 8.6 24 17
Upstream 54 71 03 5.1 12 14

Q=170 m%/s and Q, = 1140 m¥s
Site rating for estimating discharge = Good

1Final discharge estimates based on minimum flow-elevation difference, LtoR

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 59



Tabie 12. indirect peak-discharge estimate for the September 1990 debris fiow at “Crash Canyon” (river miie
62.6-R), site C

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend
Qutside high-water mark: continuous mudline

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 50 percent

Superelevation data

Radius of curvature (R;) =12 m Channel top width (W) =20m
Elevation difference (AHg) = 3.6 m ) Channel slope (S) = 0.096
Mean velocity (V) = 4.6 m/s
Cross-section data
Flow-
Thailweg Area, In Hydrauilc Hydrauilc elevation
distance, square radius, depth, difference, Top width,
Cross-section iocation in meters meters in meters in meters In meters in meters
Downstream 3 79 3.0 40 3.1 20
Upstream #1 6 97 3.1 4.6 19 21
Upstream #2 11 81 28 4.0 23 20
Upstream #3 17 63 23 28 03 22
Upstream #4 26 67 19 31 1.6 22

Q, =290 m¥s
Site rating for estimating discharge: Fair

IFinal discharge estimate based on minimum flow-elevation difference, Lo R.

Table 13. indirect peak-discharge estimate for the September 1990 debris fiow at “Crash Canyon” (river miie
62.6-R), site D

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH, max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous mudline

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 90 percent

Superelevation data

Radius of curvature (R;) = 15m Channel top width (W) =13 m
Elevation difference (AH;) =3.7m Channel slope (S) = 0.097
Mean velocity (V) = 6.5 m/s

Cross-section data

Flow-
Thaiweg Area, in Hydraulic Hydraulic eievation
distance, square radius, depth, difference, Top width,
Cross-section iocation in meters meters in meters in meters In meters in meters
Downstream #1 48 44 1.6 27 0.2 16
Downstream #2 37 62 2.0 32 0.6 20
Superelevation 0 54 0.9 4.0 3.7 14
Upstream 7 48 0.9 34 0.2 14

Q, =1200m%s
Site rating for estimating discharge: Good

1Final discharge estimate based on minimum flow-elevation difference, L to R, and minimal cross-sectional area.
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Table 14. Indirect peak-discharge estimate for the September 1990 debris flow at “Crash Canyon” (river mile

62.6-R), site E

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend

Outside high-water mark: continuous mudline

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 90 percent

Superelevation data

Radius of curvature (R;) =20 m
Elevation difference (AHg) =3.2m
Mean velocity (V,) =53 m/s

Channel top width (W)=22m
Channel slope (S) = 0.078

Cross-section data

Thaiweg Area, In Hydraulic Hydraulle al?v::on
distance, square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream #1 21 85 14 5.6 1.7 15
Downstream #2 14 100 25 5.1 2.6 ‘ 20
Superelevation 0 81 2.7 3.8 32 22
Upstream #1 13 76 22 3.7 1.3 21
Upstream #2 25 49 14 3.7 0.2 13
Q= 1260 m¥/s
Site rating for estimating discharge: Good
1Final discharge estimate based on minimum flow-elevation difference, LtoR
Summary

superelevation was preserved by a mudline on the
outside of the curve and a scour line on the inside of
the channel. The peak discharge of the debris flow
was 290 m?s (table 13), which is equivalent to the
discharge estimated upstream at site C.

Site E

Site E (fig. 13) is in a sharp, right-hand bend
flowing through Tapeats Sandstone; this reach also
showed no indication of scour during the debris
flow. A continuous mudline preserved beneath a
bedrock overhang on the outside of the bend
provided evidence of flow superelevation. Flow
evidence on the inside of the bend consists of a
continuous scour line in terrace deposits. The peak
discharge of the debris flow was 260 m¥/s (table
14).

Peak discharge of the 1990 debris flow in Crash
Canyon generally increased as it flowed toward the
Colorado River (fig. 16). Accurate reconstruction
of this debris flow was complicated by the existence
of numerous tributary channels in the drainage,
multiple source areas, and combination of initiation
mechanisms, including rockfall and fire-hose
effects. Five sites between the primary initiation
site and the river showed evidence of superelevated
flow in bends. The peak discharge of the debris
flow increased between sites A and C, a distance of
about 0.6 km (fig. 16). Between sites C and E, the
discharge remained about the same or decreased
slightly. Changes in the peak discharge of the debris
flow probably resulted from additions of water and
sediment from other tributaries and (or) scouring of
sediments stored along the channel in terraces.
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Figure 16. Longitudinal changes in peak velocity and discharge between sites A and E in “Crash Canyon” (river mile

62.6-R) during the debris flow of September 1990.

Deposition and Characteristics of the 1990
Debris Fan

The 1990 debris-flow fan deposit was sampled
from a 1 m? by 1.7-m deep test pit, excavated into
the center of the sediment deposit. Deposits
exposed in the sides of the test pit showed no
sedimentary structures. Well-sorted beach sand was
found at a depth of 1.6 m with a 50-mm zone of
mixing between beach sand and debris-flow
deposits. This sand represented the surface of the
pre-existing separation bar and appeared to be only
slightly eroded by the debris flow. A 389-kg sample
of the 1990 debris-fan deposit was collected from
the test pit; this sample contained all particles
including several cobbles and 23 boulders. The
entire sample was returned to the laboratory and
analyzed for particle-size and source distributions.
The deposit contained 19 percent sand-and-finer
sediment, and 33 percent boulders (fig. 17A). The
clay fraction of the debris-flow deposit had a 1*’Cs
activity of 0.320.1 pCi/g, which is consistent with

its post-1952 origin. Reconstitution of the <16 mm
fraction of the test-pit sample indicated that the
debris flow contained 17 to 19 percent water by
weight. Most of the boulders and cobbles in the
1990 debris fan deposit were derived from Redwall
Limestone (fig. 17B), as was the colluvium in
which the debris flow was initiated near site A.

Part of the debris fan at the edge of the
Colorado River (fig. 13, site F) was point counted to
determine a particle-size distribution (fig. 15). This
part of the deposit is diagnostic of the snout of a
typical debris flow (Rodine and Johnson, 1976).
The largest boulders transported to the river by the
debris flow were measured to determine their size,
source, and weight; the largest ranged in weight
from 1 to 57 Mg (appendix 8). On the basis of the
shape and appearance of this coarse deposit when
first examined six weeks after the debris flow, we
concluded that it represents a single, initial debris-
flow surge. The presence of a single, lobate, intact
bouldery snout might indicate that the entire
volume of the debris flow was deposited on the
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existing sand bar and that little sediment was
deposited in the river channel or had been
substantially reworked by river flows. The deposit
of the 1990 debris flow had a plan area of 700 m?,
an average thickness of 1.7 m, and a total volume of
1,200 m3. Following the initial debris-flow pulse,
the surface of the fan deposit was partly overtopped
by recessional streamflow flooding from the
tributary, but little reworking of the debris-flow
deposit occurred; this indicates that the recessional
flow was probably of a short duration.

The percentage of sand-and-finer sediment
contained in the test-pit sample was used to
estimate a total sand-and-finer sediment volume of
280 m? in the debris-flow deposit. Most of the new
debris-flow deposit is contained in an area of the
existing debris fan inundated by river flows ranging
from 100 to 1,000 m?/s. The 1990 debris-fan deposit
shows little sign of reworking because daily peak
discharges on the Colorado River have been limited
to between 142 and 850 m¥/s since August 1991. All
debris fan reworking has occurred along the distal
edge of the debris fan.

Effects on the Separation Sand Bar

The 1990 channelized debris flow debouched
from Crash Canyon on the downstream side of the
existing debris fan. It scoured the channel
previously incised into the debris fan and later
deposited a small debris lobe on the existing
separation bar. The debris fan and separation bar
were affected in several ways. Approximately one-
third of the separation bar was buried by debris-
flow sediments. The existing channel through the
debris fan was scoured by the debris flow following
deposition of a large boulder berm at the apex of the
fan that was probably a result of the initial debris-
flow pulse. In addition, most of the pre-1990 debris
fan was covered by a veneer of reddish-orange mud
that we interpreted as being the dewatered matrix
sediment that drained out of the left-channel
margin, boulder levee; the effects of this deposition
were minor compared to the initial debris-flow
pulse. On the basis of an oblique photograph taken
of the mouth of Crash Canyon in 1937 (appendix 6)
and aerial photographs that show the separation bar
and debris fan there between 1935 and 1990, the
1990 debris flow was the first in at least a century to
impact the existing separation bar.

Sediment Characteristics

Particle-size and source data from the 1990
debris flow, the reworked debris fan, and the mid-
channel debris bar just downstream (river mile
62.8) were compared to show the lithological
fractionation caused by reworking. The origin of
the mid-channel debris bar (fig. 13) is presumed to
be the result of inputs of coarse sediment from both
Crash Canyon and upstream tributary debris flows,
including the Little Colorado River (river mile
61.1-L). Source data from the mid-channel bar and
the pre-1990, reworked debris-fan surface reveal
several relations between source sediments for
debris flows and geomorphic features of the
Colorado River.

Redwall Limestone dominates the surface of
the pre-1990, reworked debris fan at Crash Canyon.
However, the mid-channel debris bar contains a
larger percentage of Coconino Sandstone and Supai
Group particles derived from higher-elevation
strata in the Paleozoic section (fig. 17C). Not only
are these higher-elevation strata subjected to greater
abrasion during transport to the river by debris
flows and rockfalls, but they are more-poorly
indurated than lower-elevation Redwall and Muav
Limestone clasts. Throughout Grand Canyon,
Redwall Limestone tends to produce many large
boulders that are better able to withstand abrasion
than most other rock types. Therefore, the reworked
debris-fan surface at Crash Canyon is dominated by
Redwall Limestone because many of these boulders
exceed the competence of river discharges.
Lithologies that are less resistant to abrasion during
transport to the river (i.e., clasts derived from the
Supai Group) produce smaller clasts that can be
transported away from the debris fan and deposited
as cobbles on the downstream debris bar.

Grading of debris-fan deposits commonly
occurred during the pre-dam era. Reworking has
been limited since 1963 owing to regulated releases
from Glen Canyon Dam. Similar relations between
reworked debris fans and debris bars are typical
along the Colorado River in Grand Canyon.
Particle-size distributions of recent deposits on
debris fans, reworked debris fans, and mid-channel
bars mainly reflect sorting that occurred almost
annually during pre-dam floods (fig. 17A). Because
of the absence of occasional large river floods,
debris fans are now aggraded by finer sediments,
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Figure 17. Panticle-size and source distributions of various deposits associated with the debris flow of 1990 in “Crash
Canyon” (river mile 62.6-R). A, Particle-size distributions for the pre-1990 debris fan surface at “Crash Canyon” (river
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mile 62.6-R).
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Figure17. Continued.

whereas mid-channel debris bars remain relatively
stable. Recently-collected debris-fan data presented
throughout this report demonstrates how quasi-
equilibrium conditions (Langbein and Leopold,
1964) between the Colorado River and its
tributaries have been perturbed downstream from
Glen Canyon Dam.

Frequency

Historical photographs were used to document
the frequency of debris flows in Crash Canyon that
have reached the Colorado River. An 1890
photograph taken from above the Crash Canyon
debris fan looking downstream shows the mouth of
the tributary and a small part of the existing, pre-
1990 debris fan; this view, replicated in 1991,
records small changes to the debris fan that resulted
from deposition of the 1990 debris-flow fan
deposit. We concluded that no larger debris flows
from Crash Canyon reached the Colorado River
between 1890 and 1990. A second photograph,
taken in 1937, shows the pre-1990 debris fan from
the head of the mid-channel debris bar (fig. 13, river
mile 62.8). A replicate view made in 1991 shows

deposition of the 1990 debris fan and boulder levee
deposited on the existing debris fan, as well as
partial burial of the separation bar; no other large-
scale changes in the morphology of the debris fan
between 1937 and 1990. This lack of major changes
is also documented in aerial photographs that show
the debris fan in 1935 and at various intervals
between 1965 and June 1990. Large pieces of plane
wreckage deposited in the main channel of the
tributary in the 1950s remained stable until
removed from the tributary channel by the 1990
debris flow (Kenton Grua, oral commun., 1994).
Apparently, the debris flow of 1990 was the first
debris flow in Crash Canyon to affect the river
corridor in over 100 years. The net effects of the
1990 debris flow on the debris fan appear minor in
relation to its overall geometry and size, because
the debris flow was of low magnitude and most of
the debris-flow sediment was channelized.

Unnamed Tributary at River Mile 63.3-R

A shxall, channelized debris flow occurred in
an unnamed tributary at river mile 63.3-R during
the same storm on or about September 24, 1990 that
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spawned debris flows at river miles 62.5-R and
Crash Canyon. The unnamed tributary at mile 63.3
drains 0.66 km? on the north side of the river (fig.
18). The volume of the 1990 debris flow was
probably small owing to the relatively small
volume of new deposits on the debris fan, but
several large boulders were transported into the
Colorado River and enlarged an existing riffle. The
debris flow was initiated mainly by fire-hose effects
that occurred in a colluvial wedge deposit at the
head of the tributary. This small, steep tributary has
a well-defined main channel; depositional evidence
along this channel allowed estimation of peak
discharge for the 1990 and one ancient debris flow.

Estimate of Sediment Yleld

A minimum of 200 m*® of sediment was
mobilized from hillslopes in the drainage during
this debris flow. Examination of the dra inage also
indicated that some unknown volume of sediment
was entrained from the channel during the debris
flow. Debris-flow levees on the left side of the main
tributary channel at a runup site indicate that debris
flows of much greater magnitude than the 1990
flow have occurred in the basin.

Discharge Estimates

Site B

At site B (fig. 18), we estimated the peak
discharge for the 1990 debris flow and one ancient
debris flow that we were able to radiocarbon date.
Superelevated mudlines from both of these debris
flows were found beneath overhanging ledges of
Bright Angel Shale at a left-hand bend upstream
from the Colorado River (fig. 18). Flow elevations
were indicated by preserved continuous mud and
scourlines for the 1990 debris flow and a
discontinuous mudline for the ancient flow. The
peak discharges were 350 m¥/s for the 1990 debris
flow (table 15) and 790 m?*/s for the ancient debris
flow (table 16).

Site A

Site A also contained evidence of both the 1990
and the ancient debris flows. Runup mudlines from
both of these flows are preserved beneath

overhanging ledges of Bright Angel Shale 0.25 km
upstream from the Colorado River (fig. 18). The
channel upstream from the runup site is straight and
directs flow against a vertical wall; the channel then
curves 90 degrees to the right, towards a 20-m high
waterfall directly above the debris fan. Flow
elevations were indicated by continuous mud and
scourlines for the 1990 debris flow and
discontinuous debris levees deposited by the
ancient debris flow. Peak discharge was 390 m?/s
for the 1990 debris flow (table 17) and 1,100 m?3/s
for the ancient debris flow (table 18).

Sediment Characteristics

A particle-size distribution for the 1990 debris
flow was estimated from debris-flow levee deposits
on the debris fan. A 40-kg sediment sample was
collected from a debris-flow levee and dry sieved;
point counts were also made along the vertical
erosional face of the debris-flow levee, as well as
along the top surface of the deposit. The 1990
debris flow contained 18 to 20 percent sand-and-
finer sediment. Reconstitution of the <16 mm
fraction of the sample yielded a water content of 10
to 12 percent by weight.

No undisturbed debris-flow deposits, other than
from the 1990 debris flow, were found at either of
the two sites in the tributary, but samples of
hyperconcentrated and streamflow sediments were
identified and collected. These sediment samples,
along with sediment from the debris-flow levee,
were dry sieved to obtain particle-size distributions
(fig. 19A). The particle-size distribution of the
hyperconcentrated-flow deposit contains a higher
percent of fine sediment than both the streamflow
and debris-flow deposits. The streamflow deposit is
mostly comprised of gravel and coarse sand,
probably explaining its lack of cohesiveness,
whereas the debris-flow deposit is coarser, more-
poorly sorted, and cohesive with matrix-supported
clasts. The hyperconcentrated-flow deposit had
some characteristics of each of the other samples.
Analysis of *'Cs in the <0.63 mm fraction of the
debris flow yielded a *’Cs activity of 0.240.1
pCi/g, which is consistent with a post-1952
deposition.

Boulders were deposited on the debris fan in
levees on both sides of the channel from the apex of
the debris fan to the Colorado River. Point counts
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Table 15. Indirect peak-discharge estimate for the September 1990 debris flow in an unnamed trlbutary at river
mile 63.3-R, site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous mudline

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 90 percent

Supereievation data
Radius of curvature (R;) =8 m Channel top width (W)=21m
Elevation difference (AH;) =3.8 m Channel slope (S) = 0.098

Mean velocity (V) =3.8 m/s
Cross-section data

Fiow-
Thaiweg Area, in Hydraulic Hydraulic elevation
distance, square radius, depth, difference, Top width,
Cross-sectlon location in meters meters in meters in meters in meters in meters
Downstream 5 92 04 7.7 40 12

Qs =350 m¥s
Site rating for estimating discharge: Good

Table 16. Indirect peak-discharge estimate for an anclent debris flow in unnamed tributary at river mile 63.3-R,
site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous mudline

Inside high-water mark: discontinuous debris flow deposits

Visually estimated percentage of channel controlled by bedrock: 90 percent

Superelevation data

Radius of curvature (R;) =15 m Channel top width (W) =21 m
Elevation difference (AH;) =4.9 m Channel slope (S) = 0.098
Mean velocity (V) =59 m/s

Cross-section data

Thaiweg Hydraulic Hydraulic Fiow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 5 140 0.5 11.2 52 13
Upstream 18 135 0.9 6.9 3.6 20

Qs = 1790 m¥s
Site rating for estimating discharge: Fair

IEinal discharge estimate based on minimum flow-elevation difference, LL to R.
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were made to determine a source distribution of the
cobbles and boulders at the debris fan (fig. 19B).
These data indicate that source areas for debris flow
in the drainage are dominated by Redwall
Limestone, with lesser amounts of Supai Group
rocks and Muav Limestone.

Effects on the Debris Fan and River Channel

The 1990 debris flow scoured the channel
through the debris fan by about 2 m and deposited
new boulders on the debris fan near its distal edges
at the river. Many large mesquite trees at the apex
of the debris fan were damaged or destroyed by the
debris flow. The degree to which debris-fan
deposits were reworked and fine sediments were
removed from between boulders indicates that a
significant streamflow flood in the tributary
followed the debris flow. Several large boulders
were transported into the Colorado River during the
debris flow, resulting in increased severity of the
existing riffle, especially at lower discharges (less
than about 142 m?/s). Many of the largest boulders
could not be measured owing to submergence in the
river. Changes to the hydraulics of the former riffle
are readily apparent in videotape footage and aerial
photographs taken between 1990 and 1992
(available for viewing at the Glen Canyon
Environmental Studies office, Flagstaff, Arizona).

Frequency

Aerial photographs of the debris fan between
1965 and June 1990 indicate that the 1990 debris
flow was the first in at least 24 years. On the basis
of older debris-flow deposits preserved in the
tributary channel, at least one larger debris flow
was identified. A sample of shredded twigs was
collected from a matrix-mud coat preserved under
an overhang in the tributary channel. This
radiocarbon age was 5,410+175 yrs BP, which
calibrates to a calendric date of BC 4458 to 4006
(appendix 7). No detectable ¥ ’Cs was measured in
the sediment surrounding the twigs. Therefore, we
conclude that the 5,400-year-old debris flow was
the largest in this tributary during the last 6,000
years.

Lava Canyon (River Mile 65.5-R)

Lava Canyon drains 54.71 km?on the north side
of the Colorado River, some of which is above the
North Rim (fig. 1). The debris fan at the mouth of
Lava Creek, in concert with the opposing debris fan
of Palisades Creek (river mile 65.5-L), forms Lava
Canyon Rapid (river mile 65.5). In December 1966,
runoff resulting from prolonged, intense rainfall on
the North Rim caused multiple slope failures in
Hermit Shale and Esplanade Sandstone of the Supai
Group (Cooley and others, 1977; Webb and others,
1989). The resulting debris flow travelled 10.5 km
to the Colorado River.

Using evidence of superelevation, Webb and
others (1989) estimated a peak discharge of 110
m?/s for the debris flow at a point 0.2 km upstream
from the Colorado River. They also estimated the
reconstituted-water content of the debris flow at
about 23 percent by weight; the sand-and-finer
sediment content ranged from 30 to 35 percent
(Webb and others, 1989). Undifferentiated micas
and kaolinite dominate the clay mineralogy of the
debris-flow matrix; no montmorillonite was present
(table 9). According to Webb and others (1989), the
largest boulder moved during the 1966 debris flow
weighed approximately 8.2 Mg.

Webb and others (1989) concluded that debris
flows occur every 20 to 30 years in Lava Canyon
based on radiocarbon dates of organic material
collected from debris-flow levee deposits. Large
debris flows that overtopped stream-channel
terraces in Lava Canyon and reached the Colorado
River occurred between 600 and 1,500 yrs BP. In
addition to the 1966 debris flow, two other debris
flows reached the Colorado River between 1970
and 1990. One of these debris flows was initiated in
Precambrian Dox Sandstone, whereas the larger of
these two debris flows was initiated in Hermit Shale
and Esplanade Sandstone.

Hereford (1993) described and mapped the
stratigraphy on channel-left just upstream from the
confluence of Lava Canyon, which was not
described by Webb and others (1989). He found
two debris flows preserved in the stratigraphy that
were radiocarbon dated at 100 to 300 years before
the debris flow of 1966.
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Table 17. Indirect peak-discharge estimate for the September 1990 debris flow in an unnamed tributary at

river mile 63.3-R, site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: runup beneath an overhang

Channel left high-water mark: well-preserved mudline

Channel right high-water mark: well-preserved scourline

Runup evidence: mudline

Visually estimated percentage of channel controlled by bedrock: 75 percent

Runup data

Elevation difference = 3.4 m Channel slope (S) =0.17
Mean velocity (V,) = 8.2 m/s

Cross-section data

Thalweg Hydrauiic Hydrauilic Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section locatlon in meters meters in meters in meters in meters in meters
Upstream 50 48 04 1.6 0.2 31

Q. =390m%s
Site rating for estimating discharge: Poor

Tabie 18. Indirect peak-discharge estimate for an ancient debris flow in an unnamed tributary at

river mile 63.3-R, site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section)

Evidence of peak discharge

Type of estimate procedure used: runup beneath an overhang

Channel left high-water mark: well preserved, but discontinuous debris flow levee
Channel right high-water mark: discontinuous, preserved debris flow levee
Runup evidence: mudline

Visually estimated percentage of channel controlled by bedrock: 75 percent

Runup data

Elevation Difference (AH,) =54 m Channel Slope (S) =0.17
Mean velocity (V) = 10.3 m/s

Cross-section data

Thaiweg Hydraulic Hydraulic  Flow-eievation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Upstream 50 104 04 24 0.1 4

Q,=1,100m%s
Site rating for estimating discharge: Poor
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Flgure 19. Particle-size and source distributions of various sediment deposits associated with the 1990 debris flow in
an unnamed tributary at river mile 63.3-R. A, Particle-size distributions of a streamflow deposit, a hyperconcentrated-
flow deposit, and an undisturbed debris-flow levee deposited during the debris flow of September 1990.

B, Source distribution of an undisturbed debris-fiow levee deposited during the debris flow of 1990.
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Palisades Creek (River Mile 65.5-L)

Palisades Creek (river mile 65.5-L) drains 4.06
km? on the south side of the Colorado River (fig. 1).
Its headwaters are in a line of cliffs known as the
Palisades of the Desert; the drainage divide is at the
top of these cliffs. Abundant colluvium overlying
the lower units of the Paleozoic section in the
Palisades Creek drainage provides ample source
sediment for debris flows, which have occurred
frequently in this tributary. In September 1990, a
debris flow occurred in Palisades Creek, probably
at the same time as the other debris flows described
between river miles 61 and 64. Because the channel
of Palisades Creek is not bedrock-controlled in its
lower reaches, no discharge estimates were possible
for this small, channelized debris flow.

Frequency

The surficial geology of the debris fan at the
mouth of Palisades Creek was described by
Hereford (1993) and Hereford and others (1993).
Hereford (1993) mapped debris-flow deposits and
showed that three to four large debris flows
occurred during the past 2,000 years. These fan-
forming debris flows appear to have a recurrence
interval of about one per 600 years. Not all debris
flows in Palisades Creek are preserved in the
stratigraphy of its large debris fan. Many large
debris fans in Grand Canyon are formed by a
similar combination of infrequent, large debris
flows and smaller, frequent debris flows.
Channelized debris flows, like many of the historic
debris flows described in this report, mainly deliver
large boulders to the river corridor and cut channels
through debris-fan deposits.

Several small debris flows, which remained
channelized through the debris fan, have occurred
in the last century in Palisades Creek. Historical
photography (table 19) indicates that the debris fan
at the mouth of Palisades Creek formerly did not
protrude far into the Colorado River at Lava
Canyon Rapid (river mile 65.5) before 1965,
because no changes are observable in the
photographs taken between 1935 and 1965.
However, a large channelized debris flow occurred
between 1965 and 1973 that significanily aggraded
the debris fan at the mouth of Palisades Creek.

Effects on the Colorado River

Aggradation associated with the 1965 to 1973
era debris flow significantly changed the left side of
Lava Canyon Rapid. As a consequence, the
configuration of the reattachment bar downstream
on the left side of the Colorado River has also
changed. The reattachment bar appeared
streamlined with a narrow configuration before
1973, whereas the reattachment bar that formed
after 1973 is more arcuate. In addition, several other
floods, including one channelized debris flow that
occurred between 1973 and 1984, one in 1987, and
another in 1990, also aggraded this debris fan
(appendix 1).

Palisades Creek yields frequent, small debris
flows by failure of colluvial wedges. These post-
1963 debris flows have significantly aggraded a
small part of the debris fan at the Colorado River
and have constricted Lava Canyon Rapid. The
consequences of the increased constriction are
changes in the hydraulics of the Colorado River and
the configuration of the recirculation zone
downstream, which has altered the shape of the
reattachment bar. Larger, fan-forming debris flows,
which have occurred infrequently over the past
2,000 years, have certainly affected the navigability
of the river and the stability of sand bars
downstream and are likely to occur again during the
proposed lifetime of Glen Canyon Dam.

Espejo Creek (River Mile 66.8-L)

Espejo Creek drains 1.73 km? on the south side
of Grand Canyon just upstream from Comanche
Point. The drainage heads along the South Rim (fig.
20). A small channelized debris flow occurred in
Espejo Creek during the summer of 1984, on the
basis of aerial photographs taken in 1980 and
October 1984. The exact date of the debris flow was
also bracketed by accounts of river guides who
agreed that the flood occurred during July or
August of 1984 (Kenton Grua, Gary Bolton, and
Dennis Silva, oral commun.,, 1993). No peak
discharge or debris-flow volume estimates were
possible owing to subsequent reworking of deposits
by streamflow flooding in the drainage basin and
reworking by the Colorado River.

72 Magnitude And Frequency Data For Historic Debris Flows in Grand Canyon National Park And Vicinity, Arizona



111949° m‘;w‘
i

36°7°30"

DRAINAGE
BOUNDARY

0 1/2 MILE

I 1)
EXPLANATION 0 0.5 KILOMETER
A SITE A-RADIOCARBON DATED CONTOUR INTERVAL 1000 FEET
STRATIGRAPHY AND DEBRiS FAN NATIONAL GEODETIC VERTICAL
DATUM OF 1929

36°¢’ | L

Figure 20. The drainage basin of Espejo Creek (river mile 66.8-L), a tributary of the Colorado River in Grand Canyon.

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 73



Table 19. Historlcal photographs of Lava Canyon Rapld (river mile 65.5) and the debrls fans at the mouths of
Palisades Creek and Lava Canyon (rlver miies 65.5-L and 65.5-R)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Lava Canyon Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River at Lees Ferry. After 1963, discharge is estimated
from known stage-discharge relations at Lava Canyon Rapid. These estimates are perhaps accurate to £1,000 fi3/s. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Original Stake Discharge
Year Date Photographer  number number Side Direction  Subject (ft%/s)
1890 Jan 21 Stanton 380 1431c RR Us R,DF 4,000
Jan 21 Stanton 381 1431a RR uc DF nd.
Jan 21 Stanton - 382 1431b RR DS DESB 4,000
Jan 22 Stanton 383 1434b RL Us DESB 4,000
Jan 22 Stanton 384 1434a RL AC R,DESB 4,000
Jan 22 Stanton 385 1434c RL DS R,DESB 4,000
1911 Nov 14 Kolb 1016 n.m. RL DS R,DF,SB nd.
1923 Aug 14 LaRue 406 1092 RL Us R,DESB 23,500
Aug 14 LaRue 407 1707a RL DS R,DFESB 23,500
Aug 14 LaRue 409 1707b RL AC R,DESB 23,500
1935 nd. SCS 153 n.m. AV AV R,DFSB ~5,000
1937 Oct Campbell nd. 2358 RL us R,DESB nd.
1941 Jul 19 Heald 3:06:09 2733 RL Us DESB nd.
1942 Jul 19 Wilson 4:07:11 2734 RL AC DESB nd.
1959 Jun 25 Reilly 144-26 2026 RR DS R,SB 6,130
1965 May 14 WRD 124 nm. AV AV R,DESB n.d.
Jun 5 Reilly L67-19 nm. AR AC R,DE,SB nd.
1966 Nov 17 Visbak 76 nm. RL DS R,DESB ~10,000
1966 Apr Hildreth 19 nm. RL DS R,DE,SB ~8,000
1973 Jun 16 WRD 168 nm. AV AV R,DF,SB nd.
nd. Weeden 190 2344 RR AC R,DF nd.
nd. Weeden 191 2345 RR DS R,DESB nd.
1984 Oct 22 GCES 3-81 nm. AV AV R,DESB 5,000
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Frequency

We documented prehistoric debris flows in
Espejo Creek using radiocarbon dating of organic
materials entrained in mud coatings preserved
under overhanging channel walls and deposits on
the debris fan (fig. 20, site A). On the basis of the
interleaved strata of debris-flow and river-sand
deposits along the creek channel 100-m upstream
from the Colorado River, at least three debris flows
occurred in Espejo Creek after about AD 1600.
Charcoal collected from two deposits of river sand
directly below and above the lowest channelized
debris-flow deposit was radiocarbon dated at
2,410+125 yrs BP and 1,565+110 yrs BP,
respectively. These dates were calibrated to
calendric age ranges of BC 770 to 390 and AD 360
to 636 (appendix 7). Two additional debris-flow
deposits above these units did not contain datable
material, but must have been deposited since about
AD 1650 using stratigraphic position. The highest
of the deposits is buried by 0.30 m of river-
deposited sand, which has a poorly-developed soil
and supports a community of mature mesquite
trees. A ¥¥Cs activity of 0.018+0.010 pCi/g was
measured in the uppermost unit, which suggests
post-1952 deposition; six lower units had no
detectable 1*’Cs.

Further up the channel of Espejo Creek, twigs
were extracted from mud coats preserved under
overhanging walls. These mudlines were
interpreted as recent debris flows that predated the
1984 debris flow but postdated the debris-flow
stratigraphy examined near the confluence; this
interpretation was based on the height of the flow
evidence above fresher-looking flood debris and on
the bright, unweathered orange color of the
preserved debris-flow matrix mud. The two
samples of twigs at one site about 0.5 km upstream
from the confluence yielded radiocarbon dates of
315+110 and 340160 yrs BP, which calibrate to
calendric dates of AD 1440 to 1660 and AD 1450 to
1642, respectively. Twigs sampled from a similar-
looking mudline 0.8 km upstream from the river
yielded a radiocarbon date of 305160 yrs BP, which
corresponds to a calendric date of AD 1488 to 1652.
We conclude that these two isolated mud coats were
probably deposited by the same debris flow, and the
average of the three radiocarbon dates was

calibrated to a calendric date range of AD 1490 to
1642 (appendix 7).

We estimate that the frequency of debris flows
in Espejo Creek has been about one every 300 to
500 years. The overall size of the prehistoric debris
fan at Espejo Creek indicates that debris flows may
have been larger and more frequent during the
earlier evolutionary stages of debris fan
development at the mouth of this tributary.

Tanner Canyon (River Mile 68.5-L)

On August 22, 1993, a small, channelized
debris flow was triggered by a brief, albeit intense,
thunderstorm that occurred over Tanner Canyon
(river mile 68.5-L). Tanner Canyon drains 19.25
km? of the south side of Grand Canyon just west of
Comanche Point (fig. 21A). An eyewitness reported
approximately 75 mm of rainfall accumulated in
empty buckets during the storm in slightly less than
one hour (Suzanne Rhodes, O.A.R.S. Inc., oral
commun., 1993). Precipitation records from Desert
View ranger station, near the head of Tanner
Canyon on the South Rim, indicate that 28 mm of
rain fell on August 21 and again on the 22nd.
Within a few minutes after the rainfall subsided,
eyewitnesses reported a loud, crashing sound
coming from near the mouth of Tanner Canyon as
the initial pulse of debris debouched from the
tributary and entered the river. Following the initial
pulse of debris, a muddy, recessional flow followed
that reportedly lasted 2 to 3 hours.

Discharge Estimates

Like most Grand Canyon debris flows, the
1993 event in Tanner Canyon consisted of both
streamflow and debris flow, each generated from
different areas of the watershed. Streamflow was
generated from most of the drainage, whereas the
debris flow was generated mostly in one sub-basin
that drains much of the lower-elevation, eastern part
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Flgure 21. The study sites of the 1993 debris flow in Tanner Canyon (river mile 68.5-L), a tributary of the Colorado
River in Grand Canyon. A, The drainage basin of Tanner Canyon showing the locations of study sites.
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Figure 21. Continued.

of the Tanner Canyon drainage basin adjacent
to Comanche Point (fig. 21A, site F).

Discharge for the streamflow generated
upstream from the debris-flow producing tributary
was estimated at sites C, D, and E (fig. 21A). Site C
is about 0.2 km upstream from the confluence of
Tanner Canyon and the Colorado River, whereas
sitts D and E (fig. 21A) are 1.2 and 2.3 km
upstream  from the confluence, respectively.
Straight,  bedrock-controlled reaches  with
continuous high-water marks, including lines of
damaged vegetation and deposits of organic debris,
were chosen at these sites; two Or more cross
sections were surveyed to describe each reach.
Manning-n values of 0.055 to 0.075 for channel
roughness were selected for the estimates based on
a visual estimate.

Peak discharges of 8 to 11 m3/s were estimated
at sites D and E, respectively (table 20). Discharge

increased downstream; a peak discharge of 37 m3/s
was estimated for streamflow at site C (table 20).
The streamflow transported mostly gravel and
coarse sand, which was sampled along the margins
of the channel of Tanner Canyon near site H (fig.
21A).

The debris flow was initiated by fire-hose
effects along the base of Comanche Point where the
rainfall intensity was apparently greatest. We
identified several areas that had been scoured of
unconsolidated colluvium on slopes below cliffs of
Tapeats Sandstone at site F (fig. 21A). At site A
(fig. 21A), in a canyon tributary to the main channel
of Tanner Canyon 1.5 km from the Colorado River,
evidence of both runup and superelevation were
identified. The peak discharge for the debris flow
was estimated to be 200 m?/s (table 21) from
superelevation evidence. Sediment deposits in the
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main channel of Tanner Canyon are evidence that  from site H and upstream from the debris fan (fig.
the snout of the debris flow temporarily dammed  21A, site B).

the main channel of Tanner Canyon at site H after
debouching from the tributary. As streamflow
originating in Tanner Canyon upstream from site C
ponded behind the boulder dam, sand was deposited
on the left side of the channel. After an unknown

period of time, the boulder dam was breached; part Colorado River. includi 1 ulders th
of the deposit was remobilized along the right side olorado River, including many large boulders that

of Tanner Canyon. This secondary pulse of debris  2nged in weight from 5 to 22 Mg (appendix 8). The
deposited large boulders immediately downstream ~ N€Wly aggraded debris fan constricted the river at
from site H (fig. 21A). This break-out type flood Tanner Rapid (river mile 68.5) by about 30 m,
may explain the relatively large streamflow  Which significantly increased the severity and
discharge estimated at site C, which is downstream  gradient of the rapid.

1993 Debris Fan Volume

The 1993 debris flow deposited at least 7,500
m* of poorly-sorted sediment in and near the

Table 20. indirect peak-discharge estimates for the August 22, 1993, streamflow flood in Tanner Canyon
(68.5-L), sites C through E

[Evidence of peak discharge is a continuous line of scoured and abraded vegetation. Depositional evidence indicates that the recessional flow
following the debris flow was streamflow with a sediment load of gravel and coarse sand. Based on eyewitness accounts, recessional flooding lasted
from 2 to 3 hours]

Site descriptions

Locations: site C, located in the main channel of Tanner Canyon, 0.2 km upstream of the Colorado River confluence; site D, located
in the main channel of Tanner Canyon, 1.2 km upstream of the Colorado River; and site E, located in the main channel of Tanner
Canyon, 2.2 km upstream of the Colorado River

Drainage area: 19.36 km?

Reach description: All reaches have straight bedrock-controlled channels with minor fill of graveL to cobble bedload which showed
evidence of minimal scour (~0.2 m).

Slope-area discharge estimates for Tanner Canyon - August 22, 1993

Cross- Manning Velocity Discharge Slope
section n-vaiue Area (mz) Conveyance (m/s) Froude number (m3ls) (m/m)
SiteC
1 0.060 34 692 1.1 0.25 37 0.05

Site D
1 0.065 16 188 0.6 0.21 10
2 0.065 14 139 0.6 0.28 8 - 0,05
3 0.065 21 264 04 0.15

Site E
1 0.065 12 150 09 031 11
2 0.065 17 304 0.6 0.17 10 0.20
3 0.065 14 249 0.7 0.19 10

Site C, Q = 37 m%/s
Site D, Q=810 10m>/s

Site E, Q= 10to 11 m3/s
Site ratings for estimating discharge: C = fair, D = good, E = good.
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Tabie 21. Indirect peak-discharge estimate for the August 22, 1993, debrls fiow In Tanner Canyon (rlver mlie

68.5-L), slte A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH, max occurred. Flow-¢levation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend

Outside high-water mark: continuous mudline
Inside high-water mark: continuous mudline

Visually estimated percentage of channel controlled by bedrock: 100 percent

Superelevation data

Radius of curvature (R)) = 16 m
Maximum elevation difference (AH;) =3.1 m
Mean velocity (V,) =4.5 m/s

Channel width (W)=24m
Channel slope (S) = 0.103

Cross-section data

Thaiweg Hydraulic Hydraulic Fiow-elevation
distance, Area, In square radlus, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters In meters
Superelevation 0 110 35 4.5 32 24
Downstream #1 15 60 25 30 0.5 20
Downstream #2 30 55 23 23 1.0 21
Downstream #3 41 78 32 5.1 44 16
Downstream #4 55 52 24 33 1.1 15

Q, = 1200 m¥s
Site rating for estimating discharge: Fair

IRinal discharge estimate based on minimum flow-elevation difference, Lo R.

Sediment Characteristics

Particle-size and source distributions of
sediment deposited by streamflow, hyper-
concentrated flow, and the debris flow, as well
as the reworked zone on the newly aggraded
debris fan, are shown in figures 22A and 22B.
Figure 22A shows that the streamflow flood that
followed the debris flow significantly reworked
part of the new debris-flow deposits, removing 800
m? of sediment. Dam releases between August and
December 1993 reworked the distal toe of the
debris fan along the vertical cut-bank. These data
indicate that reworking by recessional streamflow
was slightly more effective in coarsening the
particle-size distribution of the new debris fan than
river reworking. Figure 22B shows how tributary
reworking also altered the source distribution of
particles on the affected parts of the debris fan.
Mostly sand-and-finer sediment (i.e., the debris
flows matrix) was removed from the reworked

deposit. Rock types that provided finer sediment for
the debris flows matrix, but that were preferéntially
winnowed away during the streamflow flood,
included Cardenas Lava and Muav and Kaibab
Limestones. The amount of Redwall Limestone
remained about the same and the percentage of
Supai Group rocks increased slightly, which
illustrates that these lithologies provided some of
the coarsest sediment in the debris flow.

On the basis of the particle-size distribution of
the undisturbed surface of the 1993 debris fan, the
debris flow contained 25 to 35 percent sand-and-
finer sediment. Out of the 0.5 m? pit excavated in
the debris fan, 524 clasts >64 mm in b-axis diameter
were removed, identified by source, and measured
(fig. 22G). Total volume of sand-and-finer
sediment in the 1993 debris fan is between 1,900
and 2,600 m?. Large boulders deposited on the
debris fan (appendix 8), which are as muchas 2.2 m
in diameter, are likely to remain on the debris fan
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indefinitely, owing to the lack of river-reworking
by the Colorado River under present regulated
releases from Glen Canyon Dam (226 to 566 m?¥/s).

Point counts were used to estimate particle-size
and source distributions for the boulder berm that
dammed the main channel of Tanner Canyon when
it deposited at site H (fig. 21A). The coarseness of
the boulder berm reflects the size distribution of the
snout of the initial debris-flow surge (fig. 22C). The
berm consists mostly of Supai Group rocks, with
lesser but nearly-equal amounts of Redwall and
Muav Limestone clasts (fig. 22D). The absence of
Tapeats Sandstone boulders in the boulder-berm
deposit supports the observation that the debris
flow was initiated in colluvium in the lower
elevations of Tanner Canyon; these deposits are
dominated by Supai Group and Redwall Limestone
and are devoid of Tapeats Sandstone and Kaibab
Limestone.

A large number of particles (n = 2,128) were
measured in the tributary-reworked and
undisturbed 1993 debris-fan surface in December
1993. Point counts were made along a series of
parallel transects spaced at 5-m intervals extending
from the edge of the river to the apex of the fan and
parallel to the river (fig. 21B). These measurements
were designed to characterize the debris-fan deposit
after partial reworking by recessional flow in
Tanner Canyon and interim flows (142 to 556 m?/s)
in the Colorado River between August and
December 1993 (figs. 22E and 22F). The variability
in particle size exhibited by these data (fig. 22E)
reflects the fact that the transects covered different
amounts of tributary-reworked versus undisturbed
deposits instead of poor reproducibility in the
sampling  methodology. The  particle-size
distribution on the new debris fan is dominated by
sand-and-finer sediment. The source of the larger
clasts indicates a dominance of Redwall Limestone,
with a lesser amounts of Supai Group rocks (fig.
22F), in the debris flow, illustrating the source
material of a colluvial wedge.

Frequency

Ample evidence exists in Tanner Canyon to
indicate that large debris flows have occurred in the
past. Repeat photography spanning the period of
1890 to 1991 showing Tanner Rapid and the
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juncture of Tanner Canyon and the Colorado River
show no change in the debris fan or rapid. Aerial
photography taken between 1965 and 1992 also
show no evidence of debris flows in Tanner
Canyon. Therefore, we conclude that the 1993
debris flow is the first one since at least 1890.

Large boulders that could only have come from
Tanner Canyon are present on the right side of
Tanner Rapid, indicating that a prehistoric debris
flow occurred with sufficient size to cross (and
temporarily dam) the river. The particle-size and
source distributions of the boulder deposits (fig.
21A, site G) show a considerably larger percentage
of boulders (fig. 21 A, site B). These boulders have
withstood Colorado River floods that exceeded
6,000 m¥/s during the last century. The twenty
largest boulders measured at site G greatly exceed
the size of any boulder transported by the 1993
debris flow (appendix 8).

We interpret the ancient boulder deposit (site
G) as reflecting the coarsest remnant of one or more
large, fan-forming debris flows that probably
occurred during the mid- to late Holocene. The
largest boulders are mostly Supai Group rocks and
Redwall Limestone with smaller amounts of
Tapeats Sandstone. These clasts may have been
transported in the debris flow that created Tanner
Rapid. However, the two largest boulders are from
the Kaibab Limestone; both have b-axis diameters
exceeding 6 m. The difference in source
distribution of boulders on the right side of Tanner
Rapid and those transported in the 1993 debris flow
may reflect the fact that large, ancient debris flows
were initiated at higher elevations, and in higher
strata, than smaller events such as the 1993 debris
flow.

Effects on the Colorado River

The primary impact of the 1993 debris flow in
Tanner Canyon was an increase in the constriction
of Tanner Rapid. Deposition of poorly-sorted
sediment reduced the width of the river by at least
30 m near the head of the rapid. The increased
constriction increased flow velocities in the center
of the channel, deflected flow toward a number of
large boulders in the center and right side of the
channel, and raised the elevation of the pool
upstream from the rapid by 1.0 to 1.5 m. Because of
these changes, we expect increased fine-sediment



accumulation in the upper pool. Future debris flows
from Tanner Canyon could potentially cause large
hydraulic and geomorphic changes to the Colorado
River, especially under present flow regulation
from Glen Canyon Dam.

Cardenas Creek (River Mile 70.9-L)

A debris flow occurred in Cardenas Creek (fig.
23) on August 22, 1993. Cardenas Creek drains
3.87 km?on the south side of the Colorado River.
Because the channel is unconfined near the juncture
with the Colorado River, most of the sediment
transported by the flood was deposited near the
apex of the existing debris fan and did not enter the
river. As a result, the debris flow of 1993 in
Cardenas Creek had virtually no effect on the
hydraulics of the Colorado River.

One discharge estimate for the debris flow was
made at site A (fig. 23) using superelevated-flow
evidence in a left-hand bend. The channel bend is
bedrock-controlled in Dox Sandstone. The peak
discharge for the debris flow was 200 m3/s (table
22). The debris flow was followed by a smaller
streamflow of unknown discharge and duration.
Because recessional flow was minimal, well
preserved debris-flow levees were deposited along
the margins of the channel in the vicinity of site A.

The 1993 debris flow deposited a minimum of
3,000 to 4,000 m* of sediment on top of the existing
debris fan. Particle-size distributions for a debris-
flow levee on the left margin of the tributary at site
A and the new deposit at site B (figs. 23 and 24A)
indicate that the debris flow carried poorly-sorted,
relatively fine-grained sediment, of which 13 and
41 percent is sand and finer, respectively. Source
distributions indicate that about 35 percent of the
particles in the levee deposits (site A) were from the
Dox Sandstone, but equal amounts of Dox
Sandstone and Redwall Limestone particles were
deposited on the debris fan (fig. 24B). The <2 mm
sediments at both locations were probably derived
from the Dox Sandstone, owing to the similar
reddish color of the rock and deposits. Many large
boulders that ranged in weight from 0.8 to 9.1 Mg
were transported from the drainage to the debris fan
(appendix 8).

Replication of historic photographs taken in
1890 reveal no changes that would indicate that

debris flows have occurred in the drainage during
the last century. In addition, aerial photographs
taken between 1965 and 1994 show no change on
the debris fan or in the riffle opposite the creeks
mouth. Therefore, we conclude that the 1993 debris
flow was the only one to occur during the last
century in Cardenas Creek.

Unnamed Tributary at River Mile 71.2-R

A debris flow that occurred in an unnamed
tributary at river mile 71.2-R during summer of
1984 formed a new mid-channel debris bar and
riffle in the Colorado River. The exact date of the
debris flow is unknown, but daily precipitation
records at Desert View ranger station on the South
Rim indicate that the debris flow may have
occurred during the latter half of July or the third
week of August. The most likely date for the debris
flow is August 18th, because the Desert View
record indicates that 20 mm of rainfall occurred in
one-half hour; 55 mm of rainfall occurred during
the month before this date.

This tributary drains 1.11 km? on the north side
of the river; it heads on the southeast face of Apollo
Temple (fig. 25). The lower part of the tributary
occurs primarily in exposures of Dox Sandstone.
Source sediments are abundant in the drainage,
including hillslopes of colluvium at the base of
prominent cliffs formed by Tapeats Sandstone and
Cardenas Lava in the vicinity of site F (fig. 25).

Most of the unconsolidated sediment in the
tributary is comprised of Tapeats Sandstone and
clasts from the Cardenas Lavas. Particles in the
source material range in size from silt to boulders
and mantle the underlying Dox Sandstone, which is
generally poorly-indurated and subject to failure.
Localized thunderstorms in the upper sections of
the drainage triggered failures in colluvium that
mobilized into the 1984 debris flow.

Discharge Estimate

Evidence of superelevated flow is preserved at
site A (fig. 25) as lines of Tapeats Sandstone
cobbles and boulders deposited along the channel.
The peak discharge, determined from the
superelevation evidence, was 600 m3/s (table 23).
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Figure 22. Particle-size and source distributions of various deposits associated with the debris flow of 1993 in Tanner
Canyon (river mile 68.5-L). A, Particle-size distributions of the undisturbed, 1993 debris-fan surface; the pre-1993
debris fan; the partially reworked, distal edge of the 1993 debris-fan; and the 1993 hyperconcentrated-flow deposit.
B, Source distributions of particles on the undisturbed surface of the 1993 debris fan and the pre-1993 reworked

debris fan.
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C, Particle-size distribution for the 1993 boulder-berm deposit at site H. D, Source distribution of the 1993 boulder-
berm deposit at site H.

Figure 22. Continued.
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E, Particle-size distributions for a series of parallel transects (fig. 21b) across the surface of the 1993 debris-flow
deposit. F;, Source distribution of particles sampled from the surface of the 1993 debris-flow deposit.

Figure 22. Continued.
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G, Particle-size distributions of the 1993 boulder-berm at site H, the > 64mm fraction and the < 64 mm fraction of the
test-pit sample collected from the 1993 debris-fan deposit, and the river-reworked boulder deposit located at site G.
H, Comparison of source distributions of > 64 mm particles sampled from the test pit excavated into the 1993 debris
fan and the pre-existing reworked boulder deposit at site G.

Figure 22. Continued.
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Sediment Characteristics

A 40-kg sample, collected from a debris-flow
levee at site A, was analyzed to determine the
particle-size and source distributions of the debris
flow. The <64 mm fraction of the sample contained
57 percent sand-and-finer sediment (fig. 26A).
Additional point-count data were collected from
both the reworked and undisturbed parts of the 1984
debris-fan deposit at site H (fig. 26A). Comparison
of these data shows significant coarsening of the
debris-fan sediments owing to Colorado River
flows of 141 to 1,200 m?s that occurred between
1984 and 1994. Debris-fan reworking mainly
occurred between 1984 and 1986 owing to
abnormally-high releases from Glen Canyon Dam.
Source data for both the reworked and undisturbed
debris-fan samples show that the debris flow
contained mostly particles from the Dox Sandstone
with lesser amounts of Cardenas Lava (fig. 26B).
On the basis of reconstitution of the <16 mm
fraction of the sample, the water content of the
debris flow was approximately 17 percent by
weight.

Overbank flow from the debris flow deposited
a veneer of sand and silt overlying an aeolian dune
field on a hillslope situated between the tributary
channel and the Colorado River. Deep erosional
rills were formed in these aeolian sand deposits in
the vicinity of site J. Archeological sites of various
ages were exposed as a result of the formation of
these rills (Hereford and others, 1993). These
archaeological sites were buried by aeolian and
fluvial sediments that were easily eroded by the
overbank component of the 1984 event. Strata
preserved in the tributary channel upstream from
the superelevation bend reveal alternating episodes
of debris-flow deposits and aeolian sand in thin
deposits (from 0.1- to 0.5-m thick).

Effects on the Colorado River

The existing debris fan at the mouth of the
unnamed tributary at river mile 71.2-R was
significantly aggraded by the 1984 debris flow. The
area of the 1984 deposition, measured from low-
elevation aerial photographs taken in October 1984,
was 4,800 m2 The thickness of the debris fan
deposit was estimated to be 1.5 m, yielding a
minimum volume of 7,200 m3. The newly aggraded

debris fan was reworked by dam releases less than
1,200 m3/s. The volume of sediment eroded from
the debris fan was not estimated. Runoff in the
unnamed tributary has also reworked the 1984
deposit. With a sand-and-finer sediment content of
57 percent, the total volume of sand-and-finer
particles added to the debris fan was about 4,100
m3,

Boulder Transport

Many large boulders were deposited in the
Colorado River at river mile 71.2 during the 1984
debris flow. The largest 25 boulders deposited on
the 1984 fan surface at site H were measured and
their lithologies and dimensions were recorded
(appendix 8); these boulders typically ranged in
weight from 0.1 to 0.2 Mg with one boulder
weighing 29 Mg. Most of these boulders are
Tapeats Sandstone with a few boulders of Dox
Sandstone, Nankoweap Sandstone, and Cardenas
Lava. The average b-axis diameter of these
boulders is 0.45 m. The snout of the debris flow
deposited several 1arge boulders in the center of the
river channel, which were reworked into a new,
persistent debris bar in the Colorado River (fig. 25).
The size and rock type of the 8 largest boulders in
the debris bar were estimated from the shore. All of
the boulders are Tapeats Sandstone with an average
b-axis diameter of about 1 m.

Frequency

From analysis of aerial photographs, the 1984
debris flow in the unnamed tributary at mile 71.2
appears to be the first since 1965. Several debris
flows are recorded in the stratigraphy of the channel
walls 0.4 km upstream from the Colorado River.
These deposits record a series of thin, dark brown
debris-flow deposits that are inter-layered with
aeolian and fluvial sands; however, these strata
could not be dated. The approximate age of these
debris-flow deposits has been inferred by their
stratigraphic association with archeological sites of
known age. Hereford and others (1993) referred to
the interfingered sand and debris-flow deposits as
“striped” alluvium. These deposits were apparently
deposited over a poorly-known period of time
before the Pueblo III period of occupation
beginning about AD 1100.
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Table 22. Indirect peak-discharge estimate for the August 22, 1993 debrls flow in Cardenas Creek (river mile

70.9-L), site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend

QOutside high-water mark: continuous scourline
Inside high-water mark: continuous mudline

Visually estimated percentage of channel controlled by bedrock: 80 percent

Superelevation data

Radius of curvature (R.)) =58 m
Maximum elevation difference (AH,) =2.2 m
Mean velocity (V,) =9.4 m/s

Channel width (W) =13 m
Channel slope (S) = 0.08

Cross-section

Thalweg Hydraulic Hydraulic  Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Upstream 75 31 1.1 1.2 0.1 25
Superelevation 0 21 14 1.6 2.7 13
Downstream 40 30 1.5 1.7 0.0 15

Q. =1200m%s
Site rating for estimating discharge: Good

'The final peak-discharge estimate was based on the minimum cross-sectional area

Unnamed Tributary at River Mile 72.1-R

An unnamed tributary at river mile 72.1-R had
a debris flow during August 1984, probably on the
same date as the debris flow at river mile 71.2-R.
The unnamed tributary at river mile 72.1-R drains
1.16 km? on the north side of the Colorado River
(fig. 25); the tributary has its headwaters on the
south side of Apollo Temple. The debris flow of
1984 caused significant aggradation of an existing
debris fan and partial burial of a separation bar.
Before 1984, this large sand bar was commonly
used by commercial and private river runners as a
campsite. Changes caused by the debris flow, along
with erosion caused by the high dam releases
between 1983 and 1986 (up to about 2,700 m3/s),
have dramatically decreased the size of this sand
bar.

The 1984 debris flow was initiated by scour in
the steep talus slopes mantling the Cardenas Lava at
the base the Tapeats Sandstone in the vicinity of site
I. This scour resulted from fire-hose effects of
runoff originating above the Tapeats Sandstone

cliffs. The mobilized debris flow then traveled
about 1.3 km to the Colorado River. Enroute, the
discharge of this debris flow substantially increased
with the addition of water and sediment from
hillslopes and small tributary channels and with the
entrainment of channel-stored sediments. In
addition, the failure of a vertical wall of Dox
Sandstone at site G (fig. 25) contributed a
considerable volume of coarse, angular boulders to
the debris flow near the top of the debris fan (site E,
fig. 25).

Discharge Estimates

Site B

At site B (fig. 25), peak discharge was
estimated just downstream from the source area(s)
of the debris flow (site I). Site B contains evidence
of superelevated flow along the margins of the Dox
Sandstone channel. Flow elevations consist of a
semicontinuous mudline on the outside of the
channel and a semicontinuous debris levee on the
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Table 23. Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed tributary at river mile

71.2-R, site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend
Outside high-water mark: continuous line of boulders and scour zone with damaged plants

Inside high-water mark: line of boulders

Visually estimated percentage of channel controlled by bedrock: 80 percent

Superelevation data

Radius of curvature (R;) =36 m
Elevation difference (AHy) =2.3 m
Mean velocity (Vg) =3.9 m/s

Channel top width (W) =53 m
Channel slope (S) = 0.11

Cross-section data

Thalweg Hydrauiic Hydrauiic Fiow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream #1 21 152 1.1 3.7 2.1 41
Downstream #2 10 194 0.7 3.7 1.5 52
Downstream #3 6 208 1.3 4.0 0.6 52
Superelevation 0 11 0.7 2.1 23 52
Upstream #1 10 194 12 3.7 12 52
Upstream #2 17 77 03 19 4.6 41
Upstream #3 24 100 04 25 0.6 40
Upstream #4 29 104 04 2.6 1.6 40
Upstream #5 32 76 05 19 1.0 39
Upstream #6 38 93 04 23 1.1 41
Upstream #7 44 90 04 1.7 22 54

Q, =1600 m%/s
Site rating for estimating discharge: Good

Iginal peak-discharge estimate is based on the average of cross sections DS#3 and US#3.

inside of the channel. We estimated a peak
discharge of 24 m3/s for the debris flow in this
reach, which we interpreted as the early stage of the
flood (table 24).

Site C

Site C is a right-hand channel bend controlled
by Dox Sandstone (fig. 25, site C). The debris flow
was channelized in bedrock comprised of Dox
Sandstone as it continued downstream toward the
Colorado River. Evidence of the debris flow
consists of preserved, semicontinuous debris

deposits on the inside of the bend and a continuous
scour line with some discontinuous mudlines on the
outside of the bend. Continuous lines of Tapeats
Sandstone cobbles and boulders also delineate the
flow boundaries at this site. Evidence of
superelevated flow and runup are apparent in the
deposits and mudlines. Peak discharge for the
debris flow was estimated to be 190 m%/s using
superelevation evidence and 170 m?/s using runup
evidence (table 25). At this site, about 0.5 km
downstream from site B, peak discharge had
increased by nearly an order-of-magnitude because
of additional sediment and water contributed by
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several small side channels or scoured channel-
terrace deposits.

Site D

At site D, peak discharge was estimated just
upstream from the debris fan and downstream from
the waterfall (site G). Site D consists of a right-hand
bend with evidence of runup and superelevation.
The debris flow flowed over the waterfall and
struck the opposing wall of Dox Sandstone, causing
a rockfall at site G. As a result, the debris flow
subsequently entrained many large, angular
boulders from this rockfall. Debris-flow levees and
fan deposits downstream from the waterfall-
rockfall failure are comprised mostly of large,
angular Dox Sandstone clasts, whereas upstream
from site G, Tapeats Sandstone clasts dominate
debris-flow levees.

Peak discharges were estimated using both
superelevation and runup evidence. A discharge of
120 m*/s was obtained using both methods (table
26). This estimate indicates that peak discharge
decreased in the reach below the waterfall despite
bulking-up of the debris flow that resulted from the
rockfall. This may be partly explained by a bedrock
plunge-pool at the base of the waterfall. The plunge
pool may have served as a hydraulic energy
dissipator or drop-structure to dampen the peak
discharge of the initial debris-flow pulse.

Deposition and Reworking of the 1984 Debris
Fan

A significant part of the original 1984 debris
fan (fig. 25), surveyed in August 1991, was
reworked by relatively high dam releases between
1984 and 1991. An erosional cut-face along the
distal edge of the 1984 debris fan, approximately
1.3-m high, provides evidence of reworking by
Colorado River discharges between 850 and 1,415
m?/s. Whereas most of the finer matrix of the
deposit has been eroded by the river, large angular
clasts of Dox Sandstone persist on the reworked
debris fan.

Part of an existing separation bar was eroded
and (or) buried by the 1984 debris flow; the sand
bar has remained in that condition since 1984.
Releases from Glen Canyon Dam between 1984
and 1994 were not large enough to inundate and

redeposit the separation bar on the debris fan. The
surface of the debris fan was aggraded by about 1.2
m near its apex and the new sediment is comprised
of sand- to cobble-size clasts from the Dox
Sandstone.

Test pits were excavated on the 1984 debris fan
deposit to determine the thickness of the sediment
deposited by the debris flow. Test pits across the
widest section of the debris fan spaced every 20 m
and, at two places along the medial axis of the fan,
pits were excavated to the pre-1984 fan surface. A
cut-face along the front of the debris fan also
revealed the thickness of the deposit. Examined in
cross section, the debris-fan deposit was massive
and lacked sedimentary structures. The subsurface
of the 1984 debris fan contained mainly Dox
Sandstone with some Tapeats Sandstone cobbles
and boulders. On the basis of the depths of the test
pits (thickness of the deposit varied by 0.3 m), the
average thickness of the new deposit is 1.5 m.

The 1984 debris-fan deposit has an area of
3,000 m? and a volume of at least 4,500 m3. On the
basis of particle-size data for the <16 mm fraction
of the debris flow, 45 percent, or 2,000 m?3, of sand-
and-finer sediment was deposited on the debris fan.
The volume removed by river reworking between
1984 and 1991 was 650 to 1,000 m3 Using the
particle-size distribution for the debris-flow
sample, 300 to 450 m? of the reworked deposit was
probably sand-and-finer sediment.

Sediment Characteristics

A 20-kg sediment sample was collected from
sediments deposited on the debris fan during the
1984 debris flow. The part of the sample <64 mm
was dry sieved to obtain a particle-size distribution
for the finer component of the debris flow deposit
(fig. 27A and 27B). On the basis of the sample
collected from a debris-flow levee, the 1984 debris
flow contained about 45 percent sand-and-finer
sediment. The <16 mm fraction was reconstituted,
yielding a water content of 16 to 20 percent by
weight. An activity of 0.291 pCi/g of '¥'Cs was
measured in one sample of debris-flow matrix.

Particle-size data were also collected from
point counts made on the preserved debris-flow
levee at site C, upstream from the rockfall at site G,
and at three sites where we identified
hyperconcentrated-flow deposits (fig. 27A and
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Table 24. indirect peak-discharge estimate for the August 1984 debris flow in an unnamed tributary at river miie

72.1-R, site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH, max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend

Outside high-water mark: discontinuous mudline
Inside high-water mark: discontinuous debris flow levee

Visually estimated percentage of channel controlled by bedrock: 90 percent

Superelevation data

Radius of curvature (R;) = 18 m
Elevation difference (AH;) = 1.7 m
Mean velocity (V) = 6.1 m/s

Channel top width (W) =8 m
Channel slope (S) =0.23

Cross-section data

Flow-elevation

Thalweg Hydraulic Hydraulic
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 14 9 1.0 1.0 1.3 10
Superelevation 0 16 02 2.0 1.7 8
Upstream 19 4 0.6 0.7 1.1

Q, =124 m¥s
Site rating for estimating discharge: Good

'Final discharge estimate based on minimum flow-elevation difference, L to R.

27B). The hyperconcentrated-flow deposits have
similar particle-size distributions. Source data
collected from the 1984 debris-flow levees (site C)
and the debris-fan deposit (site E) show a clear
contrast between the lithologic composition of
debris-flow deposits upstream and downstream
from the site G rockfall (fig. 27C). These data
further support the idea that the rockfall played a
significant role bulking-up the debris flow, and in
the formation of the coarse debris-fan deposit.
Many large, angular boulders were transported by
the debris flow from site G to the debris fan and into
the Colorado River.

Particle-size distributions for the 1984 debris
fan were measured along several different
elevations related to stages of the Colorado River
(fig. 27D). During a unique period of constant 142
m?/s discharge lasting for 72 hours in May 1991, we
measured particle-size distributions on the debris
fan above the 1,000 m3/s level, between the 850 and
142 m?/s levels, and at about the 85 m%/s level (fig.

27D). In addition, we were able to measure many of
the boulders deposited in the river channel during
the 1984 debris flow and determine their lithologies
and weights (appendix 8). The largest boulders
ranged in weight from 7 to 25 Mg. The source
distributions of the reworked debris fan above the
142 m/s stage contrasts strongly with that at about
the 85 m3/s stage (fig. 27E); all of the persistent
clasts in the river are Dox Sandstone.

Frequency

No historical photographs show the debris fan
at the mouth of this unnamed tributary. Low-
elevation aerial photographs taken between 1965
and 1984 show no significant changes to the debris
fan which would indicate the occurrence of debris
flows, and no debris flows have occurred between
1984 and 1994.

Preserved twigs were extracted from mud
plastered under an overhanging wall just
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Table 25. Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed tributary at river mile

72.1-R, site C
[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference, is
the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section}

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend with arunup _
Outside high-water mark: continuous scourline, damaged plant remains, also discontinuous mud

Inside high-water mark: continuous debris flow sediments
Visually estimated percentage of channel controlled by bedrock: 75 percent

Superelevation and runup data

Channel top width (W)=20m
Elevation difference (AH,) = 1.3 m
Mean velocity (V) =5.0m/s

Radius of curvature (R)) =12 m
Elevation difference (AH;) =5.5 m
Mean velocity (V,) =5.7m/s
Channe] slope (S) =0.11
Cross-section data

Thalweg Hydraulic Hydraulic  Flow-elevation

distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 21 44 22 27 2.1 16
Superelevation 0 86 0.6 4.1 50 21
Upstream #1 6 49 04 25 4.5 20
Upstream #2 18 20 02 1.0 2.1 21
Upstream #3 38 34 03 15 1.6 21
Upstream #4 44 59 03 2.7 1.9 22

Q, =190 m%s and Q, = 1170 m¥s
Site rating for estimating discharge: Good

IFinal discharge estimates were based on minimum flow-elevation difference, Lto R.

Table 26. Indirect peak-discharge estimate for the August 1984 debris flow in an unnamed tributary at river miie
72.1-R, site D

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference, is
the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend with a runup
Outside high-water mark: semicontinuous mudline

Inside high-water mark: continuous scourline

Visually estimated percentage of channel controlled by bedrock: 50 percent

Superelevation and runup data

Radius of curvature (R;) = 11 m
Elevation difference (AHg) =4.3 m
Mean velocity (V) = 5.6 m/s
Channel slope (S) = 0.089

Channel top width (W)= 15m
Elevation difference (AH;) = 1.6 m
Mean velocity (V) = 5.6 m/s

Cross-section data

Thalweg Hydraulic Hydraulic Flow-elevation
distance, Areas, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Upstream 9 21 1.2 12 0.0 17

Q, =120 m¥s and Qr = 120 m%/s
Site rating for estimating discharge: Good
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downstream from site C. These twigs were
radiocarbon dated to check the association between
organic debris and the known date of the
transporting debris flow. A radiocarbon date of
130.6x1.3 percent of modemn carbon supports a
post-1950s age for the 1984 debris flow. Using the
post-bomb 'C relation, the twigs were killed in
either 1959 or 1976. Assuming the latter year is
correct, the plant material transported by the flood
died about 8 years before the debris flow. Sediment
samples for 13’Cs analysis were collected from the
overhanging wall, the debris fan, and a test pit
through the debris fan. The activities of these
samples were 0.28210.017, 0.015110.015, and
0.12240.013 pCi/g, which are consistent with the
date of the flood and show the variability in 1%Cs
activity in debris-flow deposits.

75-Mile Creek (River Mile 75.5-L)

75-Mile Creek (fig. 28) had debris flows in
August 1987 and September 1990; the dates of
these floods were determined from the accounts of
professional river guides (Glenn Rink, written
commun., 1990). This tributary drains 11.47 km? on
the south side of Grand Canyon. The drainage of
75-Mile Creek faces west and has headwaters at the
edge of the South Rim near the Desert View
watchtower (fig. 28). The lower parts of the
drainage basin contain Shinumo Quartzite and Dox
Sandstone; these crop out at the confluence with the
Colorado River and are present in the higher
elevations of the drainage.

The eastern section of the Seventy-Five-Mile
Fault trends northeast through 75-Mile Creek
(Huntoon and others, 1986). This fault controlled
the asymmetric evolution of the 75-Mile Creek
drainage (fig. 28); most tributaries in Grand Canyon
formed along ancient faults (Dolan and others,
1978). The relation of faults and the frequency of
rockfalls and debris flows in 75-Mile Creek lies in
the increased deformation of rocks contained in the
footwall of the fault, which is on the south side of
the drainage (fig. 28). All second-order channels
and gullies in the drainage basin are on the south
side of the basin. Although colluvial wedges are
widespread in the drainage, all recent debris flows
have been initiated on the footwali-side of the fault.

The complex stratigraphy of bedrock exposed
in 75-Mile Creek provides many initiation
mechanisms for debris flows. The footwall of
Seventy-Five-Mile Fault is incised with five small
drainages on the south side of the tributary. No
well-developed channels are present on the north
side of the drainage basin, although steep pourovers
occur along the top of Redwall Limestone cliffs.
Rockfalls and failures of hillslopes are common;
during aerial reconnaissance, we observed that both
the 1987 and 1990 debris flows were initiated
primarily in colluvial-wedge failures on the south
side of the drainage basin. Runoff generated above
the South Rim drains away from 75-Mile Creek
because the strata on the south side of the river dips
2 to 3 degrees to the south. The small amount of
headwaters near or above the rim reduces the
probability of bedrock failures in the Hermit Shale.

The Debris Flow of 1987

The debris flow of 1987 was initiated during a
thunderstorm centered over the watershed.
Precipitation records from Desert View ranger
station, on the South Rim at the head of the
drainage, show that August 24 is the most-likely
date for the debris flow. A total of 13 mm of rain fell
on the South Rim, which was the highest 24-hour
total for that month. Although the rainfall was not
unusual, it was enough to generate significant
runoff on slopes above the Coconino Sandstone.
The runoff eroded material from colluvial wedges
in the six tributaries to 75-Mile Creek. Many of the
resulting debris flows flowed short distances and
stopped; the water and fine-sediment fraction
segregated from the coarser material, and
streamflow and (or) hyperconcentrated-flow
continued downstream. The 1987 debris flow in 75-
Mile Creek offers the best example of the flow
transformations that occur in smali debris flows
with insufficient energy and mass to flow from their
initiation points to the Colorado River.

Discharge Estimates

Canyon 1 and Canyon 2 (fig. 28) had debris
flows during the 1987 event, but both debris flows
stopped near the juncture of the two canyons. The
resulting flow in 75-Mile Creck was streamflow
downstream from this juncture. At site C, 3.8 km
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upstream from the Colorado River and just
upstream from the mouth of Canyon 3, we
estimated streamflow to be 0.7 to 1.0 m3/s, using the
slope-area estimation technique (table 27).

The peak discharge for a debris flow that
debouched from Canyon 3 was estimated at two
sites. Site A, in Canyon 3 above a waterfall,
consisted of a left-hand bend. The discharge
estimated at this site using superelevation evidence
was 52 m3/s (table 28). At site B, the juncture of
Canyon 3 and 75-Mile Creek, the debris flow issued
from Canyon 3, crossed 75-Mile Creek, and
impinged directly on a vertical bedrock wall. Using
runup evidence, we estimated a peak discharge of
19 m?%/s (table 29). The debris flow then turned the
bend into 75-Mile Creek and stopped 200 m
downstream. Hyperconcentrated-flow evidence
was present along the channel downstream from
where the debris flow stopped.

Canyon 4 generated streamflow during August
1987. Between Canyon 4 and Canyon 5 (fig. 28),
the channel-bed sediments of 75-Mile Creek were
mostly well-sorted sand and gravel. No evidence of
debris flow passage was evident; even trees in the
middle of the channel, which would have been
destroyed by debris flows, were still standing
although slightly damaged by the streamflow
flooding. We surveyed high-water evidence in a
straight reach at site D, 2.7 km upstream from the
Colorado River. Using the slope-area method, we
estimated a peak discharge of 3 m%/s for streamflow
in 75-Mile Creek (table 30).

Canyon 5 only had streamflow during the
August 1987 flood. At site E, which consists of a
straight reach, floored with bedrock, we surveyed
water-surface elevations along the channel margins
using lines of organic debris. Using the slope-area
method, we estimated a peak discharge of 23 m%/s
(table 31).

The debris flow initiated in Canyon 6 combined
with streamflow or hyperconcentrated flow in 75-
Mile Creek to flow to the Colorado River. At site F,
in Canyon 6, we used superelevation evidence in a
reach with a bedrock floor and bedrock sides to
estimate a peak discharge of 60 m?/s (table 32). At
site G, at the mouth of Canyon 3, the debris flow
crossed 75-Mile Creek and impinged on a bedrock
wall. Using this runup evidence, we estimated a
peak discharge of 250 m3/s for the debris flow of
1987 in 75-Mile Creek (table 33).

Sediment Characteristics

Particle-size data were collected for debris-
flow, hyperconcentrated-flow, and streamflow
deposits left by the 1987 event (fig. 29A). A source
distribution of the debris flow was obtained from
point-count data that were collected from the newly
aggraded debris fan (fig. 29B). The clay minerals
present in three <2 mm samples of debris-flow
matrix show a dominance of undifferentiated micas
and kaolinite with no montmorillonite detected
(table 9). We estimated a volume at 3,000 to 4,000
m? for the aggradation on the debris fan. In addition,
we measured the largest boulders deposited by the
1987 debris flow on the debris fan (appendix 8);
these ranged in weight from 1 to 18 Mg.

The Debris Fiow of 1990

The most recent debris flow in 75-Mile Creek
was initiated by fire-hose effects and several small
hillslope failures. The 1990 debris flow must have
occurred between September 16 and 24, 1990,
based on precipitation records at the Desert View
Ranger station. A total of 61 mm of rainfall
occurred on the South Rim between those dates,
with high daily totals of 19 and 12 mm occurring on
the 18th and 24th, respectively. A total of 92 mm of
rainfall was recorded at Desert View during the
month of September 1990.

Most of the hillslope scour and failures
occurred in Canyon 6, a tributary of 75-Mile Creek.
Canyon 6 is about 1.3 km upstream from the
Colorado River (fig. 28). We observed that runoff
and small amounts of sediment were also supplied
from other areas near the head of the tributary. The
pattern of deposition on the debris fan and in the
channel of 75-Mile Creek indicate that at least two
pulses of debris flow occurred during the 1990
debris flow.

Discharge Estimates

Three indirect peak-discharge estimates were
made for the 1990 debris flow. Site A is in Canyon
3 (fig. 28), which produced the largest debris flow
during the 1990 flood. Sites H and I are in the lower
reaches of the main tributary channel (fig. 28) and
preserved good evidence of superelevated flow
consisting of mudlines and damaged plants; site H
also has evidence of runup. )
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Figure 27. Particle-size and source distributions of various sediment deposits associated with the debris flow of 1984
in an unnamed tributary of the Colorado River at river mile 72.1-R. A, Patticle-size distributions of the undisturbed
1984 deposit on the debris fan surface sampled at site E; the reworked part of the 1984 debris fan inundated by river
discharges of at least 790 m3/s between 1984 and 1993 at site E; and an undisturbed 1984 debris-flow levee at site C.
B, Particle-size distributions of three 1984 hyperconcentrated-flow deposits.
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C, Source distributions of particles sampled on the undisturbed 1984 debris fan at site E and an undisturbed 1984
debris-flow levee at site C. D, Particle-size distributions of the undisturbed 1984 debris fan at site E and the debris fan
surfaces reworked by discharges of approximately 450, 142, and < 142 m%s.
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E, Source distributions of particles on the undisturbed debris fan at site E and the reworked debris surface at the

< 142 m%/s stage.

Figure 27. Continued.

At site A, a debris flow that was initiated in the
upper parts of Canyon 3 travelled through a left-
hand bend immediately upstream from the juncture
with 75-Mile Creck. Evidence of superelevated
flow is preserved as mudlines and scour of
hillslopes along the flow margins of the channel.
Using this evidence, we estimated that the debris
flow attained a peak- discharge of 310 m3/s as it
entered 75-Mile Creek (table 34).

From superelevation evidence we estimated a
peak discharge for the 1990 debris flow at site H of
110 m¥s (table 35). At site I, only 0.1 km
downstream, the peak discharges estimated using
superelevation and runup evidence were 260 and
210 m3/s, respectively (table 36).

Sediment Characteristics

Sediment samples of the 1990 debris flow
collected for particle-size analyses included a 17-kg
sample from the aggraded debris fan, a 2-kg sample
of hyperconcentrated-flow deposit collected from

the main channel, and a 2-kg sample of streamflow
deposit collected from the main channel of 75-Mile
Creek. On the basis of the dry-sieve analysis of the
<64 mm component of the debris-fan sample, the
1990 debris flow contained 11 percent sand-and-
finer sediment and 84 percent gravel (fig. 30A). A
source distribution of the debris fan deposit (fig.
30B) indicated that the coarser component of the
debris flow consisted of mainly Unkar Group rocks
(fig. 3) eroded from the lower elevations of the
drainage basin. The larger clasts deposited on the
debris fan were probably stored in the channel and
transported by the debris flow as it scoured the
channel bed of 75-Mile Creek. The debris flow
contained 11 to 13 percent water by weight.

Deposition on the Debris Fan

The debris-fan deposit of the 1990 debris flow
had an area of 10,000 m?, which is nearly three
times larger than the 1987 debris-flow deposit.
Deposition occurred mainly on the upstream part of
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Table 27. IndIrect peak-discharge estimate for the streamflow flood of August 1987 in 75-Mile Creek (river mile
75.5-L), slte C

Site description

Location: 75-Mile Creek, 3.8 km upstream from the Colorado River
Mean basin elevation: 1,545 m
Drainage area: 11.50 km?

Reach description: Straight channel lined with boulders, no bedrock control present. Value represents the combined runoff from
“Canyon 1” and “Canyon 2" during the debris flow of 1987.

Slope-area discharge estimate

Cross- Manning Area Velocity Froude Discharge Slope
section n-vaiue (m?) Conveyance (m/s) number (m¥s) (m/m)
1 0.070 1.0 6.1 0.8 037 0.8
2 0.070 12 6.4 0.8 0.35 1.0 0.08
3 0.070 1.0 44 0.7 047 0.7

Q=0.7 to 1.0 m%/s (streamflow)
Site rating for estimating discharge: Fair

Table 28. indirect peak-discharge estimate for the August 1987 debris flow In 75-Mile Creek (river mlle 75.5-L),
slte A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend

Outside high-water mark: continuous scour line with damaged plants, driftwood, and mud
Inside high-water mark: continuous scour line with mud and damaged plants

Visually estimated percentage of channel controlled by bedrock: 0 percent (alluvial channel)

Superelevation data

Radius of curvature (R;) =20.1 m Channel top width (W) =20.1 m
Maximum elevation difference (AH;) = 1.6 m Channel slope (S) = 0.08
Mean Velocity (V) =4.0 m/s

Cross-section data

Thalweg Hydraullc Hydraulic Flow-elevation
distance, Area, In square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream #1 23 12 0.8 0.8 0.1 15
Superelevation 0 25 1.0 2.3 1.6 24
Upstream #1 10 22 1.2 1.7 1.1 16
Upstream #2 33 14 1.1 14 0.7 13

Q= 152 m3ss
Site rating for estimating discharge: Fair

1Based on the mean of the two cross sections with the least flow-elevation differences, LtoR.
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Table 29. Indirect peak-discharge estimate for the August 1987 debris flow in 75-Miie Creek (river miie 75.5-L),

siteB
[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,

is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Location: at the juncture of “Canyon 5” and 75-Mile Creek, peak discharge is from “Canyon 5”
Estimate procedure used: runup

Outside high-water mark: mudline

Inside high-water mark: mudline

Visually estimated percentage of channel controlled by bedrock: 100 percent

Runup data

Elevation difference (AH,;) =0.5m Channel slope (S) = 0.05
Mean velocity (V) =3.1 m/s

Cross-section data

Thalweg Hydraulic Hydraulic  Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream #1 21 21 04 13 0.7 16
Downstream #2 11 6 0.5 0.6 03 14

Q =119m%s
Site rating for estimating discharge = Good

1Final discharge estimate based on minimum flow-elevation difference, Lo R.

Table 30. Indirect peak-discharge estimate for the streamfiow fiood of August 1987 in 75-Miie Creek (river mile
75.5-L), site D

Site description

Location: site D, located in 75-Mile Creek between “Canyon 4" and “Canyon 5,” 2.7 km upstream from the Colorado River
Mean basin elevation: 1,545 m

Drainage area: 11.50 km?

Reach description: straight reach with about 50 percent bedrock control

Siope-area discharge estimate

Cross- Manning Area Velocity Froude Discharge

Section n-value (m2) Conveyance (mvs) number (m¥s) Slope (m/m)
1 0.065 39 42 08 031 3
2 0.065 38 43 08 0.31 3 0.04
3 0.065 43 48 0.7 0.28 3

Q=3 m3/s (streamflow)
Site rating for discharge estimate: Good
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Tabie 31. Indirect peak-discharge estimate for the streamfiow fiood of August 1987 in 75-Miie Creek (river mile

75.5-L), site E

Site description

Location: site E in “Canyon 5”

Mean basin elevation: 1,545 m

Drainage area: 11.50 km?

Reach description: straight reach, 100 percent bedrock control

Slope-area discharge estimate

Cross- Manning Area Velocity Froude Discharge

Section n-value (mz) Conveyance (m/s) number (m3/s) Siope (m/m)
1 0.065 39 699 0.6 0.17 23
2 0.065 30 494 08 023 24 0.03

Q=23 m¥/s (streamflow)
Site rating for estimation of discharge: Fair

the debris fan between the mouth of the tributary
and the river channel. An average thickness for the
1990 deposit was 1.2 m, which was determined
from replicated photographs that show large
boulders that were not moved during the debris
flow (fig. 31). On the basis of this thickness, we
estimate a minimum volume for the 1990 debris
flow of 12,000 m3, The volume of sand-and-finer
sediment contained in the aggraded debris fan is
1,320 m3, based on the 11-percent sand-and-finer
sediment content of the debris-flow deposit.

Despite considerable aggradation on the debris
fan, the 1990 debris flow had no obvious effect on
Nevills Rapid, which is created by the debris fan of
75-Mile Creek (fig. 28). The peak discharge of the
debris flow was not of sufficient magnitude or
duration to transport boulders across the unconfined
channel on the debris fan and into the Colorado
River. The reworked appearance of the debris fan
indicates that a sizable, recessional flood followed
the debris flow.

Frequency

The frequency of debris flows in 75-Mile Creek
is high compared to other drainages in Grand
Canyon. We used mainly repeat photography to
estimate the frequency of debris flows in this
tributary. Historical photographs of the debris fan at
this tributary show significant aggradation during
the last 103 years by debris flows from 75-Mile
Creek. An 1890 photograph of the debris fan that
was replicated in February 1990 and February 1991

(fig. 31) shows considerable aggradation on the
debris fan. In addition to deposition from the 1987
and 1990 debris flows, a pile of boulders (in the
foreground of figure 31A) was most probably
eroded by an earlier debris flow of unknown age.

A total of 12 historical photographs are
available of Nevills Rapid and the debris fan at the
mouth of 75-Mile Creek (table 37). No changes are
evident in the debris fan in aerial photographs taken
between 1935 and 1984; although changes
associated with small debris flows might have been
obliterated by river flows. On the basis of the two
recent debris flows and possibly a third that may
have occurred 30 to 40 years ago, 75-Mile Creek
may have a debris-flow frequency of one debris
flow every 10 to 15 years.

Monument Creek (River Mile 93.5-L)

The 1984 debris flow in Monument Creek has
been previously described by Webb and others
(1988, 1989). A large debris fan at the mouth of
Monument Creek constricts the Colorado River,
forming Granite Rapid (Stevens, 1990). Monument
Creek drains 9.73 km? on the south side of the
Colorado River (fig. 1). On July 25, 1984, runoff
from a thunderstorm centered over the eastern part
of Monument Creek caused a slope failure in the
Esplanade Sandstone. The failure became an
avalanche that fell 650 m and mobilized into a
debris flow upon reaching the channel of
Monument Creek. The debris flow traveled 4.5 km
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Table 32. Indirect peak-discharge estimate for the August 1987 debris fiow In 75-Miie Creek (river miie 75.5-L),
site F

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Location: in “Canyon 6”
Type of estimate procedure used: superelevation in a right-hand bend
Outside high-water mark: continuous mudline

Inside high-water mark: continuous mudline
Visually estimated percentage of channel controlled by bedrock: 100 percent

Superelevation data

Radius of curvature (R) =62 m Channel top width (W) =112 m
Elevation difference (AH,) = 0.345 m Channel slope (S) = 0.07

Mean velocity (V) =4.3 m/s

Cross-section data

Thalweg Hydraulic Hydrauiic Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Upstream 36 10 09 12 0.0 20
Superelevation 0 20 12 4.0 23 20
Downstream 14 18 1.1 1.1 03 21

Q, =160 m’/s
Site rating for estimating discharge: Good

1Based on mean area of the two cross sections with the least flow-elevation differences, L to R

Table 33. Indirect peak-discharge estimate for the August 1987 debrls flow In 75-Mile Creek (river mile 75.5-L),
site G :

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Location: juncture of “Canyon 3" and 75-Mile Creek

Type of estimate procedure used: runup

Channel left high-water mark: mudline

Channel right high-water mark: line of boulders and mudline

Visually estimated percentage of channel controlled by bedrock: 100 percent

Runup data
Elevation difference (AH,) =3.0 m Channel slope (S) = 0.11

Mean velocity (V,) = 7.6 m/s

Cross-section data

Thalweg Hydraulic Hydraulic = Flow-elevation

distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Upstream 35 32 13 14 0.5 23

Q, =250 m%s
Site rating for estimating discharge: Fair
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Figure 29. Particle-size and source distributions of various sediment deposits associated with the debris flow of 1987
in 75-Mile Canyon (river mile 75.5-L). A, Particle-size distributions of the undisturbed 1987 debris fan, a 1987 hyper-
concentrated-flow deposit, and a 1987 streamflow deposit. B, Source distribution of particles on the 1987 debris fan.
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to the Colorado River where deposition of debris on
the debris fan significantly altered flow in Granite
Rapid (Webb and others, 1988).

Webb and others (1989) estimated a peak
discharge of about 100 to 120 m%s for the 1984
debris flow. The water content of the 1984 debris
flow was estimated to be about 27 to 34 percent by
volume. Deposition on the debris fan had an
estimated volume of 6,800 m3, of which 35 percent,
or about 2,400 m3, was sand-and-finer sediment.
The clay minerals present were mainly
undifferentiated micas and kaolinite with no
detected montmorillonite (table 9). The activity of
137Cs in one sample of debris-flow matrix from the
1984 debris flow was 0.08+0.05 pCi/g, which is
consistent with the post-1952 age of this debris
flow.

The frequency of debris flows in Monument
Creek was determined using radiocarbon dates and
a combination of repeat photography and analysis
of aerial photography (table 38). One debris flow
deposit of unknown magnitude yielded a
radiocarbon date of 170£90 yrs BP which
corresponds to a calendric age range of AD 1647 to
1955. This debris flow may have left the fresh-
looking deposits that are visible in an 1872
photograph (Webb and others, 1988, 1989;
appendix 6). Another debris flow that significantly
aggraded the debris fan occurred between 1935 and
1973. Examination of historical photographs
indicates that no debris flows occurred between
1890 and 1967. A relatively small debris flow
occurred between March 1967 and September 1968
(table 38), slightly aggrading the debris fan at
Granite Rapid.

The combination of photographic analysis and
radiocarbon analysis indicates that debris flows
have been relatively infrequent in Monument Creek
in the recent geologic past. Since 1967, two debris
flows have occurred, but no debris flows occurred
between 1890 and 1967. The long-term average
frequency of debris flows in this tributary is
probably about one debris flow every 50 to 100
years.

Boucher Creek (River Mile 96.7-L)

Boucher Creek drains 16.79 km? on the south
side of the Colorado River (fig. 1). As a result of our

1992 match of two 1890 photographs of the
Boucher Canyon debris fan (appendix 4), we
determined that a large, fan-forming debris flow
occurred in this drainage basin. Debris-flow levees
deposited by this 20th-century debris flow and three
other debris flows were identified in the channel of
Boucher Creek just upstream from the confluence
with the Colorado River.

By examining aerial photographs taken in
1935, 1965, and 1984, we determined that the
second largest debris flow in Boucher Creek
occurred between 1935-and 1965. A river runner
confirmed that the debris flow occurred in 1951 or
1952 (Robert Rigg, personal commun., 1994). The
1965 photograph shows many new boulders not
seen in the 1935 view, and also shows a larger and
different-shaped debris fan. Driftwood collected on
one of the debris-flow levees was radiocarbon dated
at 560190 yrs BP, which correlates to a calendric
age of AD 1295 to 1432 (appendix 7). This
radiocarbon date indicates that organic material has
a long residence time in the drainage basin of
Boucher Creek. The '*’Cs activity of debris-flow
sediment was 0.09040.010 pCi/g, which is
consistent with the age of the deposit. The 1951-52
debris flow deposited many large boulders on the
debris fan; most are still present. The aggraded
debris fan was partly reworked by Colorado River
flows before closure of Glen Canyon Dam based on
the bouldery texture that we measured in 1994.

Another, younger-looking, debris-flow deposit
is present at the mouth of Boucher Creek. Aerial
photographs indicate that the small debris flow that
left the deposit occurred in the summer of 1984.
Fresh-looking, non-reworked deposits are  pre-
served above the 1,275 m?s stage, which also
indicates the debris flow occurred after June 1983.
The debris flow may have occurred on the same
date as the Monument Creek debris flow of 1984
(Webb and others, 1988). A small debris flow that
travelled only a short distance in 1993 was also
identified. The *'Cs activity of this deposit was
0.05210.007 pCi/g.

We identified a prehistoric debris flow that
occurred before the 1951 event. Driftwood
collected from levees deposited by this earlier
debris flow were radiocarbon dated at 375+75 yrs
BP, which correlates to a calendric age of AD 1436
to 1638. The radiocarbon results from Boucher
Creek do not support our interpretation of the order
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Table 34. Indirect peak-discharge estimate for the September 1990 debris flow in 75-Mile Creek
(river mile 75.5-L), site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous scourline

Inside high-water mark: continuous scourline with damaged plants
Visually estimated percentage of channel controlled by bedrock: 50 percent

Superelevation data

Radius of curvature (R) =17m Channel top width (W)=35m
Elevation difference (AH,) =7.9m Channel slope (S) = 0.08
Mean velocity (V,) = 6.1 m/s

Cross-section data

Thalweg Hydraullc Hydraulic Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters In meters In meters
Downstream 27 35 03 22 09 16
Superelevation 0 116 0.8 34 1.5 34
Upstream 50 51 04 23 0.2 22
Average 67

Q, =310 m’s
Site rating for estimating discharge: Good

IFinal discharge estimate based on minimum flow-elevation difference, L to R.

Table 35. indirect peak-discharge estimate for the September 1990 debris flow in 75-Mile Creek (river mile 75.5-
L), site H

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge
Type of estimate procedure used: superelevation in a right-hand bend
Outside high-water mark: continuous mudline
Inside high-water mark: scourline with damaged plants
Visually estimated percentage of channel controlled by bedrock: 75 percent

Superelevation data

Radius of curvature (R) =15m Channel top width (W) =15m
Elevation difference (AH;) =24 m Channel slope (S) = 0.054
Mean velocity (V) =4.8 m/s
Cross-section data
Thailweg Hydraulic Hydraullc  Flow-elevation
distance, Area, In square radius, depth, difference, Top width,
Cross-section location In meters meters In meters In meters In meters In meters
Downstream 47 22 0.2 1.5 04 15
Superelevation 0 31 12 20 24 15
Upstream 21 19 1.3 14 0.8 13
Average 24
Q, =110m%s

Site rating for estimating discharge: Good

IFinal discharge estimate based on minimum flow-elevation difference, Lo R.
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Table 36. Indirect peak-discharge estimate for the September 1990 debris flow in 75-Mile Creek
(river mile 75.5-1), site |

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge
Type of estimate procedure used: superelevation in a left-hand bend with a runup
Outside high-water mark: continuous mudline
Inside high-water mark: continuous scourline with damaged plants
Visually estimated percentage of channel controlled by bedrock: 75 percent

Superelevation and runup data

Radius of curvature (R;) =26 m Channel top width (W)=14m
Elevation difference (AHg) =23 m Elevation difference (AH,;) =14 m
Mean velocity (Vg) = 6.5 m/s Mean velocity (V;) =52 m/s

Channel slope (S) = 0.03
Cross-section data

Thalweg Hydraulic Hydraulic Flow-elevation

distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 32 56 1.7 45 1.0 12
Superelevation 0 30 0.3 24 23 12
Upstream 40 23 02 0.6 1.0 38

Q, =260 m%/s and Q. = 1210 m¥s
Site rating for estimating discharge: Good

1Based on the mean area of upstream and downstream cross sectional areas

Table 37. Historical photographs of Nevills Rapid (river mile 75.5) and the debris fan at the mouth of 75-Mile
Creek (75.5-L)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Nevills Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River at Lees Ferry. After 1963, discharge is estimated
from known stage-discharge relations at Nevills Rapid. These estimates are perhaps accurate to £1,000 fi3/s. (AV), vertical aerial photography.;
(AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right side of the
river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream view; (AC),
view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows debris fan(s);
(SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Original Stake Discharge

Year Date Photographer  number number Side Direction Subject (ft3/s)
1890 Jan 25 Stanton 407 1445 RL Us R,DESB 4,000

Jan 25 Stanton 408 2252 RL DS R,SB 4,000
1923 Aug 16 LaRue 413 1093 RL DS R,DESB 28,000

Aug 16 Kolb 5136 1447 RL DS R,DESB 28,000
1935 Nov Maxon 98 n.m. AV AV R,DF,SB ~6,000
1963 Jun 17 Reilly L64-33 n.m. AL AC R,DESB 2,520
1965 May 14 WRD 139 n.m. AV AV R,DESB ~25,000
1973 Jun 16 WRD 219 nm. AV AV R,DESB ~7,000
1983 Oct 23 Turmer 1093 1093 RL DS R,DESB n.d.
1984 Oct 22 GCES 3-146 nm. AV AV R,DESB 5,000
1990 Jan 25 Brownold 1445 1445 RL us R,DF,SB n.d.
1991 Feb 10 Melis 1445 1445 RL us R,DF,SB n.d.
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Figure 30. Particle-size and source distributions of various deposits associated with the debris flow of 1990 in 75-Mile
Canyon (river mile 75.5-L). A, Particle-size distributions of a 1990 hyperconcentrated-flow deposit, a 1990 streamflow
deposit, and the undisturbed debris fan deposited by the second debris pulse of the 1990 debris flow. B, Source distri-
bution of particles sampled from the undisturbed 1990 debris fan.
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in which the last two large debris flows occurred,
which was based on stratigraphic superposition and
aerial photography. However, this may be
explained by the fact that the tree branch preserved
in the stratigraphically younger, inset deposits may
have had a long residence time in the drainage basin
after the plant died and before it was transported by
the debris flow. Radiocarbon ages of debris-flow
deposits are difficult to interpret with confidence.

We measured particle-size and source
distributions from the 1951 debris-fan surface and
levee; the 1984 debris-flow fan deposit; a 1993
debris-flow levee deposit; and a 1993 streamflow
deposit (figs. 32A, 32B, and 32C). The particle-size
data for the two debris-fan surfaces and the 1993
streamflow sediments contrast greatly, as expected.
Comparison of the debris-fan surfaces provides a
good example of pre-dam as compared with post-
dam reworking of deposits on the debris fan. We
measured the ten largest boulders deposited on the
debris fan by the larger debris flow and determined
their lithologies (appendix 8). Most of these large
particles consisted of Redwall Limestone and had
b-axis diameters ranging from 1 t0 4 m.

Effects on the River Channel

The 1984 debris flow had virtually no effect on
Boucher Rapid. The aggradation of the debris fan
consisted mainly of sand- to cobble-sized sediment.
However, the debris flow that occurred between
1935 and 1965 significanily aggraded the debris
fan; a reworked deposit consisting mainly of large
boulders is still present. The replicate of a 1909
photograph (appendix 6) shows that the tailwaves at
the bottom of Hermit Rapid (river mile 95.0-L) are
no longer present (drowned out), even at nearly
identical discharges in the Colorado River; Hermit
Rapid is otherwise virtually unchanged. We
concluded that the increased constriction of the
river channel at Boucher Rapid caused by the 1951
debris flow drowned out the bottom of Hermit
Rapid by increasing the base level of the river at
Boucher Rapid (Webb, in press). The phenomenon
of drowning out of tailwaves was originally
reported at Boucher Rapid because of the debris
flow of 1966 in Crystal Creek (98.2-R) (Webb, in
press).

Crystal Creek (River Mile 98.2-R)

Crystal Creek, which drains 111.64 km? on the
north side of Grand Canyon, is one of the largest
tributaries of the Colorado River (fig. 1). The debris
fan of Crystal Creek forms Crystal Rapid, one of the
most severe reaches of whitewater in the western
United States (Stevens, 1990). Intense and
prolonged precipitation totalling 355 mm fell on the
North Rim in early December 1966 and caused a
large amount of runoff in the Crystal Creek
drainage basin. In the headwaters of Dragon Creek,
a major tributary of Crystal Creek, 11 failures in
Hermit Shale, the Supai Group, and Muav
Limestone initiated a large debris flow as a result of
the storm. Cooley and others (1977), using the
slope-area method, estimated a peak discharge of
822 m®/s for the debris flow in Dragon Creek,
which is the major tributary of Crystal Creek. Using
superelevation and runup evidence, Webb and
others (1989) estimated a peak discharge of
between 260 and 400 m>/s. Major inconsistencies
and exaggerations concerning the reported
hydrology of the Crystal Creek debris flow of 1966
are documented by Webb (in press).

Sediment Characteristics

The debris flow of 1966 in Crystal Creek left
considerable depositional evidence. The largest
boulder known to have moved during the debris
flow weighed an estimated 44 Mg, and boulders
with diameters in excess of 2 m are common in
debris levees along Crystal Creek (Webb and
others, 1989). Twenty percent of the particles in the
debris flow were sand-and-finer sediment, and the
water content was 24 to 33 percent.
Undifferentiated micas and kaolinite dominated the
suite of clay minerals in the debris flows matrix; no
montmorillonite was detected (table 9). No
detectable activity of '*’Cs was present in two
samples of debris-flow matrix collected from
matrix deposits of the 1966 debris flow.

We collected particle-size and source data from
the reworked debris fan of the 1966 event (fig. 33A
and B). The debris fan formed by the 1966 debris
flow is composed mostly of Supai Group rocks with
lesser amounts of Redwall Limestone clasts; its
particle-size distribution is significantly coarser
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Table 38. Historical photographs of Granlte Rapid (river mile 93.5) and the debrls fan at the mouth of Monument

Creek (river mile 93.5-L)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Granite Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River near Grand Canyon. After 1963, discharge is
estimated from known stage-discharge relations at Granite Rapid. These estimates are perhaps accurate to +1,000 fi3/s. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Original Stake Discharge
Year Date Photographer number number Side  Direction Subject (ﬂ3/s)
1872 Sep 1 Hillers 871 1462 RL Us R,DESB ~32,000
Sep1l Hillers 872 1257 RL uUs R,DF ~32,000
1890 Feb 7 Stanton 464 1458 RL Us R,DESB ~5,000
Feb7 Stanton 465 1460 RL AC R,DESB ~5,000
Feb7 Stanton 466 1459 RL DS R,DESB ~5,000
1909 Nov 5 Cogswell 822 nm. RL AC R,.DF nd.
Nov 5 Cogswell 823 n.m. RL AC R nd.
Nov 5 Cogswell 824 nm. RL AC R,DF n.d.
Nov 5 Cogswell 825 nm. RL AC R nd.
Nov 5 Cogswell 826 nm. RL Us R,DF nd.
Nov 5 Cogswell 827 nm. RL us R nd.
Nov 5 Cogswell 828 n.m. RL Us R,DF nd.
1935 Nov Maxon 96 nm. AY AV R,DF,SB ~6,000
1938 Jul 23 Clover 2:14:07 2735 RL AC R,SB,DF nd.
Oct 26 Burg nd. 2346 RL us R,DE,SB 10,400
nd. n.d. 16116 nm. RL AC R,DESB nd.
1941 Jul 23 Heald 5011 nm. RL uUs R,DF 21,300
1949 Jul Wright 5509 nm. RL AC R nd.
1950 Jul 19 Reilly R02-03 2538 RL AC R.DF 22,700
1955 Mar 19 Reilly L11-22 nm. AR DS R,DESB 17,600
1957 Apr 14 Reilly L28-1 nm. AL AC R,DESB 8,690
1962 Aug 29 Butchart 1227 2646 RL DS R,DESB 5,520
Aug 29 Butchart 1226 2647 RL uUs R,DESB 5,520
1965 n.d. WRD nd. nm. AY AV R,DESB 28,000
1967 Mar 9 Davis 442a nm. AL AC R,DESB nd.
Mar 9 Davis 441a n.m. AR DS R,DESB nd.
1968 Sep 16 Stephens 871 1462 RL Us R,DESB n.d.
Sep 16 Stephens 872 1257 RL uUs R,DF nd.
1973 Jun 16 WRD 266 nm. AV AV R,DESB n.d.
1986 Mar 27 Turner 1257 1257 RL Us R,DF 27,800

than undisturbed debris-flow levee deposits
sampled by Webb and others (1989) from upstream
on Crystal Creek.

Most of this large debris fan was inundated by
dam releases up to 2,700 m3/s between 1983 and
1986. Significant reworking of the debris fan
occurred during June 1983 (Kieffer, 1985). The

rock garden, a significant navigational hazard,
coalesced during the 1983 dam releases. This debris
bar consists mainly of large boulders of Supai
Group rocks.

Analysis of historical photographs (table 39)
reveals that the debris flow of 1966 was the only
significant debris flow to reach the Colorado River
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during the last century. However, on the basis of
radiocarbon dating of preserved debris-flow
deposits, Webb and others (1989) found that a
minimum of three debris flows have reached the
Colorado River in the last 200 years. The frequency
of debris flows is higher in Dragon Creek, but the
debris flows occurring in this major tributary
usually stop before reaching the Colorado River.

Waltenberg Canyon (River Mile 112.2-R)

Waltenberg Rapid is formed by the opposing
debris fans of Waltenberg Canyon (river mile
112.2-R), which drains 14.27 km? on the north side
of the river, and an unnamed tributary (river mile
112.2-L), which drains 1.78 km? on the south side
of the river (fig. 1). This rapid is the most severe
reach of whitewater between Crystal and
Dubendorff Rapids (river miles 98 to 132; Stevens,
1990). A total of 26 historical photographs were
used to reconstruct the occurrence of debris flows in
Waltenberg Canyon and their effects on the
Colorado River (table 40).

The largest debris flow of the last century in
Waltenberg Canyon occurred between 1890 and
1923. The debris fan visible in a 1923 photograph
protrudes much further into the Colorado River
than it did in the 1890 view, despite a lower stage in
1890. Between 1938 and 1942, a small deposit of
cobbles that appeared on the debris fan is indicative
of a small debris flow. Between 1973 and 1984,
another debris flow occurred that obliterated the
separation bar on the downstream side of the debris
fan. The historical photographs indicate that debris
flows in Waltenberg Canyon may occur between
one every 30 years and one every 50 years. No
debris flows have occurred in the unnamed
tributary at river mile 112.2-L in the last century.

119-Mile Creek (River Mile 119.0-R)

119-Mile Creek drains 2.77 km? on the north
side of the Colorado River (fig. 1). Comparison of
an 1890 photograph and a 1990 replicate view
indicates that no debris flows have occurred in this
tributary during the last century. Three '#C samples,
consisting of twigs, were collected from mudcoats
preserved under overhanging bedrock walls in the

main tributary channel 0.3 km upstream from the
river. At this site, two distinct levels of mud coats
were preserved and could be distinguished easily by
color; the lower was reddish-orange and the higher
was brown. Two wood samples, consisting of small
twigs collected from the lower-elevation mudline,
yielded radiocarbon dates of 4851105 and 420480
yrs BP, which correspond to calendric dates of AD
1327 to 1479 and AD 1421 to 1619, respectively.
Combining these samples and calibrating them
yields a calendric range of AD 1421 to 1619 for the
debris flow. The third sample, collected from the
higher-elevation mudline, consisted of a single
fragment of wood that was too small for a standard
14C analysis and was analyzed using a tandem mass
accelerator. A radiocarbon date of 1,032+64 yrs BP
was obtained from this sample, which calibrates to
a calendric range of AD 912 to 1027. Assuming we
were able to date the most recent debris flows in
119-Mile Creek, two debris flows have occurred in
about 1,000 years. Therefore, the frequency of
debris flows in this tributary may be one debris flow
every 500 years.

Forster Canyon (River Mile 122.7-L)

A debris flow occurred in Forster Canyon
during September 1991 determined from reports of
river guides (John Toner, oral commun., 1991) and
field investigation. This tributary drains 10.04 km?
on the south side of the Colorado River (fig. 34).
The tributary drains to the northeast and has a
simple configuration consisting of a main channel
that bifurcates into two steeper channels near the
middle portion of the drainage basin. Tapeats
Sandstone and Bright Angel Shale are exposed at
the confluence with the Colorado River along with
extensive deposits of gravel. The eastern end of the
Fossil Monocline trends southeast through the
lower part of Forster Canyon. Another smaller fault
trends east through the eastern part of the upper
drainage; this fault is down-thrown to the south
(Huntoon and others, 1986).

The source sediments for the 1991 debris flow
in Forster Canyon were scoured from the higher-
elevation areas of the tributary. Most of the source
areas consist of talus slopes comprised of debris
eroded from Supai Group rocks, Redwall
Limestone, and Hermit Shale. Erosion of
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unconsolidated sediments has produced numerous
small rills in the hillslopes throughout the drainage,
particularly on those deposits overlying Hermit
Shale. No evidence of rockfalls or major failures
were observed in the bedrock walls of the canyon.
The 1991 debris flow was initiated during intense,
localized thunderstorms embedded in a pulse of
regional precipitation that occurred during the first
two weeks of September. Three sites were used to
estimate peak discharge of the debris flow. They are
all in the lower reaches of the drainage and occur in
channels incised into Bright Angel Shale and
Tapeats Sandstone. The recent debris flow damaged
many catclaw trees growing in the streambed and

deposited reddish-brown mud on the walls of the
channel.

Discharge Estimates

Site A

The first of three sites used to estimate peak
discharge for the 1991 debris flow occurs in a right-
hand bend (fig. 34). The channel, which cuts
through Tapeats Sandstone and Bright Angel Shale,
is irregular, contains several large boulders, and
appears to have been slightly eroded by the recent
debris flow. Debris-flow deposits were completely

Table 39. Historlcal photographs of Crystal Rapld (river mlie 98.3) and the debrls fan at the mouth of Crystal

Creek (rlver mile 98.2-R)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Crystal Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River near Grand Canyon. After 1963, discharge is
estimated from known stage-discharge relations at Crystal Rapid. These estimates are perhaps accurate to +1,000 ft3/s. (AV), vertical aerial
photography; (AL), photograph is an oblique acrial taken from the left side of the river; (AR), photograph is an oblique acrial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Original Stake Discharge
Year Date Photographer number number Slde Direction Subject (ft3/s)
1890 Feb 8 Stanton 478 1471 RR DS R,DE,SB ~5,000
Feb 8 Stanton 479 1472 RR ucC DF nd.
Feb 9 Stanton 480 1473 RR ucC R,DF nd.
Feb9 Stanton 481 1467 RR DS R,DF ~5,000
Feb 9 Stanton 482 1578 RR DS R ~5,000
Feb9 Stanton 4825 1578 RR DS R ~5,000
Feb9 Stanton 483 1469 RR DS R,DESB ~5,000
1923 Aug 30 LaRue 460 2349 RR DS SB 15,400
Aug 31 LaRue 461 2056 RR AC SB nd.
Aug 30 LaRue 462 2348 RR ucC DF 15,400
1935 Nov Maxon 104 nm. AV AV R,DE,SB ~5,500
1958 May 21 Reilly 1.38-23 2347 RR ucC DF nd.
1963 Mar Turner nd. nm. AL Us R,DE,SB ~5,000
Mar Turner n.d. nm. AL AC R,DESB nd.
1965 May WRD n.d. nm. AV AV R,DF,SB nd.
1966 May 31 Butchart 2366 1466 RR AC R,DF nd.
May 31 Butchart 2366 1268 RR AC R,DF nd.
1967 Feb 6 Aldridge n.d. 2736 RR AC R,DF nd.
Feb 6 Aldridge n.d. 2737 RR AC R,DF nd.
Mar 9 Davis 443A nm. AL Us R,DE,SB nd.
Mar 9 Davis 444A nm. AR DS R,DESB nd.
1973 Jun 16 WRD 279 nm. AV AV R,DESB n.d.
1986 Apr4 Turner 1268 1268 RR AC R,DF n.d.
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Figure 32. Particle-size and source distributions of various sediment deposits associated with debris flows that have
recently occurred at Boucher Canyon (river mile 96.7-L), a tributary of the Colorado Riverin Grand Canyon.
A, Particle-size distributions of an undisturbed 1984 debris-flow levee and the pre-existing, reworked debris fan.
B, Patticle-size distributions of an undisturbed debris-flow levee deposited between 1935 and 1965, a debris-flow
levee deposited by the debris flow of 1993, and a 1993 streamflow deposit.
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Figure 32. Continued.

reworked by recessional streamflow. The lower
parts of the mudlines on the walls were also
removed by these flood waters, indicating that
recessional streamflow flooding did not exceed the
stage of the initial debris flow.

A mudline preserved on the outside of the bend
at site A was discontinuous but clearly showed evi-
dence of superelevated flow through the reach. The
stage of recessional streamflow was indicated by an
irregular scour line on the inside of the bend, mud
deposits, and damaged plants. The peak discharge
of the debris flow at this site was 180 m?¥s (table
41).

Site B

Site B is upstream from site A (fig. 34). This
site is a moderately-uniform reach of channel with
a slight, left-hand bend incised into Bright Angel
Shale. A continuous mudline preserved beneath an
overhanging channel wall provided evidence of
superelevated debris flow. Inside flow elevations
consist of a continuous scour line with damaged
plants. Sediments stored in the channel also show
evidence of substantial reworking owing to

streamflow flooding that followed the debris flow.
The peak discharge estimated from superelevation
evidence was 470 m3/s (table 42). The difference
between the peak discharges estimated at sites A
and B is large and cannot be explained by
deposition or erosion of the channel. The apparent
reduction in peak discharge indicates the high
margin of error possible in estimating peak
discharges at marginally suitable sites such as those
in Forster Canyon.

Site C

Site C is in a left-hand bend incised into Muav
Limestone (fig. 34). This bend is fairly uniform and
shows little sign of erosion from the recent debris
flow. Evidence of superelevated flow is preserved
on the outside of the bend as a continuous mudline
beneath the overhanging walls of the channel.
Lowered water-surface elevations are indicated by
an irregular scour line on the inside of the bend,
along with deposits of mud and damaged plants.
The peak discharge estimated from the
superelevation evidence at this site was 170 m?/s
(table 43). Site C was judged to be a good reach for
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Flgure 33. Particle-size and source distributions of the partially reworked debris fan deposited in 1966 at the mouth of
Crystal Creek (river mile 98.2-R), a tributary of the Colorado River in Grand Canyon. A, Particle-size distribution of the
1966 debris fan that was reworked by discharges of the Colorado River ranging from < 142 to about 2,700 m%/s
between 1966 and 1994. B, Source distribution of particles on the surface of the 1966 debris fan after reworking
between 1966 and 1994.
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Table 40. Historical photographs of Waltenberg Rapid (river mile 112.2) and the debris fan at the mouth of
Walitenberg Canyon (river mile 112.2-R)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Waltenberg Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River near Grand Canyon. After 1963, discharge is
estimated from known stage-discharge relations at Waltenberg Rapid. These estimates are perhaps accurate to +1,000 ft3/s. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Year Original Stake Discharge
Date Date Photographer number number Side Direction Subject (ﬁ’/s)
1890 Feb 18 Stanton 528 2608 RR Us SB ~6,000
Feb 19 Stanton 529 1757 RL AC SB ~6,000
Feb 19 Stanton 530 1482 RL DS SB ~6,000
Feb 19 Stanton 531 1481a RL us R,DF ~6,000
Feb 19 Stanton 532 1481b RL DS R,DF ~6,000
1909 Nov 7 Cogswell 872 nm. RL DS R,DF nd.
Nov7 Cogswell 873 nm. RR Us R,DF n.d.
1911 Dec 24 Kolb 294 nm. RL DS R,DF n.d.
1923 Sep4 LaRue 492 1789 RR DS R,SB 15,100
Sep4 LaRue 493 2350 RR us R,DF 15,100
Sep 5 LaRue 494 2230 RL DS R,DF 13,700
Sep5 LaRue 496 1758 RL DS R,SB 13,700
Sep 5 LaRue 497 2594 RL DS R 13,700
Sep5 LaRue 498 2229 RL us R,DESB 13,700
1927 Dec 5 LaRue J5-J10 nm. RR DS R,DE,SB 9,370
1934 Jul 19 Fahmi 3-26 nm. RR us R,DF 1,450
Jul 19 Fahrni 3-27 nm. RR us R,DF 1,450
1935 Nov Maxon 135 nm. AV AV R,DF,SB ~6,000
1938 Oct 28 Burg nd. 3004 RL uUs R,DF 9,870
1942 Jul 22 Wilson 4:14:19 3003 RL DS R,DF 19,900
1962 Nov3 Reilly L61-22 nm. AR DS R,DESB 7,930
Nov3 Reilly L61-20 nm. AL us R,DESB 7,930
1965 nd. WRD n.d. nm. AV AV R,DESB 28,000
1973 Jun 16 WRD 325 nm. AV AV R,DESB n.d.
nd. Weeden 1I-60 2231 RR DS R,DESB ~5,000
1984 nd. GCES nd. n.m. AV AV R,DESB ~5,000

flow pulses in 1991 channel-stored sediments
deposited during the recessional flood; and a debris
bar in the river channel immediately downstream
from Forster Rapid (fig. 35A). Lateral boulder
levees that were likely deposited by the initial
debris-flow pulse were reworked by the recessional
streamflow. The source distribution for the existing
debris fan at the mouth of Forster Canyon (fig. 35B)

estimating peak discharge by the superelevation
method and the discharge at site C is similar to the
discharge estimate at site A.

Sediment Characteristics

Particle-size distributions were measured by
point counts on the surfaces of the debris fan

reworked before 1991; a debris-flow deposit
interpreted to represent the second of two debris-

indicates that the larger particles transported in
prehistoric, fan-forming debris flows were mostly
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Supai Group rocks and Muav and Redwall
Limestone in about equal amounts. The source
distributions of the reworked debris fan and the
debris bar, on river right immediately downstream
from Forster Rapid (fig. 35B), show similar
percentages of both Redwall Limestone and Supai
Group rocks. However, the debris bar contains
clasts of Kaibab Limestone, Coconino Sandsione,
Bright Angel Shale, Tapeats Sandstone, and
Temple Butte Limestone, which were not recorded
in the surface of the reworked debris fan at Forster
Creek.

Effect on the Debris Fan and River

The 1991 debris flow caused a small amount of
deposition on the debris fan and did not alter Forster
Rapid. The debris flow deposited poorly-sorted
sediment over the existing debris-fan surface; the
initial surge of the debris flow did not reach the
Colorado River. Recessional streamflow reworked
the debris-flow deposits and transported the finer
component into the Colorado River. The volume of
aggradation was not estimated owing to its small
size.

Frequency

The frequency of debris flows at Forster
Canyon is unknown. Although four separaie
photographs were taken by Robert Stanton in the
vicinity of Forster Canyon in 1890, none of them
clearly shows the debris fan, rapid or tributary
channel mouth. No major changes in the rapid or
debris fan are visible in aerial photographs taken
between 1965 and 1990.

Fossil Canyon (River Mile 125.0-L)

Fossil Canyon, which drains 34.39 km? on the
south side of the river (fig. 36), had a debris flow in
early Sepiember 1989 that was followed by a much
larger streamflow flood. All evidence of flow
elevations for the debris flow were eroded by the
recessional streamflow, although large boulders
deposited at the toe of the debris fan and in Fossil
Rapid (river mile 125.0) were still present in 1994.
Initial debris-flow and hyperconcentrated-flow
deposits are commonly completely reworked by

recessional streamflow, making it difficult to
estimate the peak discharge of the debris flow.
Debris flows from Fossil Canyon have produced
one of the largest debris fans in this reach of the
Colorado River (Reach 7, river miles 115.8 to
125.0), yet the geomorphic history of this debris fan
is unknown.

Boulder Transport

The ten largest boulders deposited at the river
by the 1989 debris flow were measured and
classified by stratigraphic source (appendix 8).
These boulders ranged in weight from 5 to 25 Mg.
Several of the largest boulders transported by the
debris flow were deposited in the upper-left side of
Fossil Rapid and therefore could not be accurately
measured. These clasis constricted the top of the
rapid, creating new lateral waves at the head of the
rapid.

Frequency

About 0.3 km upstream from the Colorado
River, a series of debris-flow deposits are preserved
in an alcove on the left side of Fossil Creek (fig. 36).
Twigs lying on the surface of the highest debris
flow deposit were deposited there during large
streamflow that preceded the 1989 flood. These
twigs were radiocarbon dated at 240+100 yrs BP
(fig. 37), which calibrates 10 a calendric date range
of AD 1516 to 1955. Two debris-flow deposits
contained organic material consisting of small
woody twigs (fig. 37). Several twigs contained in
the highest deposit were collected and randomly
split into three samples that yielded radiocarbon
dates of 410+100, 39580, and 380+100 yrs BP. By
averaging and calibrating these radiocarbon dates,
we obtained a calendric age range of AD 1437 10
1618 (appendix 7). We therefore conclude that the
last major debris flow at Fossil Canyon before 1989
occurred 350 to 400 years ago. A large stick buried
in a debris-flow levee from a stratigraphically lower
deposit (fig. 37) was radiocarbon dated at 8§65+60
yrs BP, which calibrates to a calendric date of AD
1041 10 1255. These iwo units appear
stratigraphically distinct; the radiocarbon dates
support this interpretation. Therefore, we conclude
that at least three debris flows have occurred in

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 123



Table 41. indlrect peak-discharge estimate for the September 1991 debris flow In Forster Canyon (river mlle

122.7-L), site A
[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,

is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]
Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend
Outside high-water mark: discontinuous mudline

Inside high-water mark: continuous scourline

Visually estimated percentage of channel controlled by bedrock: 75 percent

Supereievation data
Radius of curvature (R;) =23 m Channel top width (W) =20m
Elevation difference (AHy) =3.3 m Channel slope (S) = 0.041

Mean velocity (V) = 6.1 m/s
Cross-section data

Thalweg Hydraulic Hydraulic  Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Craoss-section location in meters meters in meters in meters in meters in meters
Downstream 21 29 03 2.7 27 11
Superelevation 0 80 0.6 4.0 33 20
Upstream 14 90 0.7 44 3.0 21

Q, = 180m¥s
Site rating for estimating discharge: Poor

IFinal discharge estimate based on minimum flow-elevation difference, Lto R

Table 42. Indlrect peak-discharge estimate for the September 1991 debris flow In Forster Canyon (river mlle

122.7-L), site B
[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,

is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: discontinuous mudline

Inside high-water mark: continuous scourline

Visually estimated percentage of channel controlled by bedrock: 50 percent

Superelevation data

Radius of curvature (R;)) =23 m Channel top width (W)=14m
Elevation difference (AH;) =2.5m Channel slope (S) = 0.045

Mean velocity (V,) = 6.3 m/s
Cross-section data

Thalweg Hydraulic Hydrauiic  Fiow-eievation
distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Downstream 15 49 2.7 3.6 23 14
Upstream 6 74 03 50 20 15

Q; =1470 m%s
Site rating for estimating discharge: Poor

IFinal discharge estimate based on minimum flow-elevation difference, Lo R
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Table 43. Indirect peak-discharge estimate for the September 1991 debris fiow in Forster Canyon (river mile

122.7-1L), slte C

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend

Qutside high-water mark: discontinuous mudline
Inside high-water mark: discontinuous scourline.

Visually estimated percentage of channel controlled by bedrock: 75 percent

Superelevation data

Radius of curvature (R;) =26 m
Elevation difference (AH;) =34 m
Mean velocity (V;) = 6.6 m/s

Channel top width (W) =20m
Channel slope (S) = 0.036

Cross-section data
Thaiweg Hydrauilc Hydraulic Fiow-elevation
distance, Area, In square radius, depth, difference, Top width,
Cross-section iocation In meters meters In meters In meters in meters In meters
Downstream 21 26 1.6 22 25 12
Upstream 17 44 04 24 3.1 18
Q, = 170 m*fs
Site rating for estimating discharge: Good
1Final discharge estimate based on minimum flow-elevation difference, L to R.
Fossil Canyon during the last millennium at a  Discharge Estimate

frequency of about one every 300 to 400 years.

Unnamed Tributary at River Mile 126.9-L

A debris flow occurred in a small, unnamed
tributary at river mile 126.9-L (fig. 38) in late
August 1989. The debris flow was initiated in
colluvium at the base of cliffs of Redwall
Limestone and deposited a lobe of sediment over an
existing debris fan at the Colorado River. This
tributary, which drains 0.57 km? on the west side of
the river, is directly across from Hundred and
Twenty-Seven-Mile Creek. The unnamed tributary
consists of a main channel formed by the
coalescence of two small, steep channels that head
beneath cliffs of Redwall Limestone (fig. 38). No
major geologic structures have been mapped in this
tributary, although a small west-trending reverse
fault crosses the Colorado River immediately
upstream from the drainage basin (Huntoon and
others, 1986).

At site A, the channel bends to the right just
above a waterfall in Tapeats Sandstone (fig. 38).
Superelevation evidence here is preserved as
discontinuous mudlines under overhanging ledges
of this sandstone on both sides of the channel.
Using this evidence, we estimated a peak discharge
of 180 m?s for the debris flow of 1989 (table 44).

Sediment Characteristics

Particle-size and source data were collected
from the surface of an undisturbed debris-flow
levee preserved at site A and from the distal edge of
the reworked debris fan (fig. 39A). The initial pulse
of debris flow contained only about 3 to 4 percent
sand-and-finer sediment; the reworked particle-size
data reflects the effects of dam releases between
about 90 and 850 m3/s that occurred from autumn
1989 to summer 1991 and flows of between 142
and 566 m%s from autumn 1991 to spring 1994. The
coarser particles sampled from the debris-flow
levee are mostly of Muav Limestone with smaller
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Figure 35. Particle-size and source distributions of various sediment deposits associated with the debris flow of 1991
in Forster Canyon (river mile 122.7-L). A, Particle-size distributions of the undisturbed 1991 deposit associated with
the second debris-flow pulse, a 1991 streamfiow deposit, the pre-existing, reworked debris fan and the debris bar
downstream at river mile 122.8. B, Source distributions of particles on the pre-existing, reworked debris fan and the
debris bar downstream at river mile 122.8.
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but equal amounts of Supai Group and Redwall
Limestone (fig. 39B). The largest boulders
deposited on the debris fan ranged in weight from 3
to 24 Mg (appendix 8).

Frequency

The frequency of debris flows in this tributary
was determined using aerial photography. By
analyzing aerial photographs taken in 1935, 1965,
1973, and 1984, we concluded that no debris flows
had occurred in the 64 years preceding the 1989
flood. Therefore, the recurrence interval for debris
flows in the unnamed tributary at river mile 126.9-
L may be one debris flow per 60 years, and is
probably on the order of one debris flow per
century, based on debris-flow frequency data
collected from other drainage basins in this part of
Grand Canyon.

Unnamed Tributary at River Mile 127.3-L

A debris flow occurred in an unnamed tributary
at river mile 127.3-L (fig. 40) during the first two
weeks of September 1989. The debris flow was
initiated during the same storm that caused the
debris flow at river mile 126.9-L. The debris flow
deposited a small, new debris fan at the Colorado
River. This tributary drains 0.76 km? on the west
side of the river, with headwaters stretching to the
top of Stanton Point. The drainage basin has a main
channel formed from two smaller, steeper channels
directly below Redwall Limestone cliffs (fig. 40).

Source sediment for the 1989 debris flow was
derived from both the upper and lower elevations of
the drainage basin, based on aerial reconnaissance
in 1991. Colluvium dgposited in the lower areas of
the drainage basin provided most of the sediment
for the debris flow. These source sediments were
eroded from colluvial wedges deposited over
bedrock hillslopes of Muav Limestone. Most of the
sediment was eroded and mobilized by cascading
streamflow and debris flow originating from above
the cliffs of Redwall Limestone. The debris flow
was initiated above these cliffs on the north side of
the basin. Comparison of aerial photographs
showing the lower reaches of the basin taken in
May 1988 and October 1989 and test pits showed

up to 3 to 4 m of aggradation in the main channel of
the tributary. Aerial photographs taken in 1935
show that no debris fan was present at river mile
127.3-L and presumably no debris fan was present
between 1935 and 1988 because none is visible in
subsequent photographs up to October 1988.

Estimate of Sediment Yield from Hillslopes

An estimate was made for sediment yielded
from the lower source areas of the drainage. Scour,
indicated by plant damage and fresh slope cuts, is
obvious on the talus slopes and was the basis of the
estimates. A minimum of 4,000 to 5,000 m? of
sediment was removed from the hillslope deposits
overlying Muav Limestone; channel slopes in these
source areas have gradients of 20 to 30 degrees and
debris flows were mobilized by fire-hose effects.

Test pits excavated into the alluvial channel
immediately upstream from the debris fan revealed
an alternating sequence of matrix-supported debris-
flow sediments and open-matrix gravel and sand.
Approximately 6,000 to 7,000 m? of gravel was
deposited in the main channel of the creek between
the sediment source areas and the debris fan. The
surface of the channel deposits was clearly
reworked by recessional flow, but the interior of the
deposits consisted of a finer-matrix sediment to a
depth of 020 m. Further excavation showed
depositional evidence of an intermediate period of
reworking between two periods of debris flow
surge.

Discharge Estimate

Only one site, in the main channel of the
tributary, was suitable for estimating a peak
discharge for the 1989 debris flow. Site A (fig. 40)
consists of superelevated mudlines preserved on the
outside of a right-hand bend. Debris-flow evidence
includes abundant deposits, scoured terraces, and
damaged plants on the inside of the channel. The
channel is bedrock-controlled (Tapeats Sandstone)
at this site and is fairly uniform in shape and size.
At site A, a continuous mudline is preserved on the
outside of the bend under overhanging ledges of
Tapeats Sandstone. We estimated a peak discharge
for the debris flow of 260 m?/s (table 45).
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Figure 37. Stratigraphic diagram of debris-flow deposits in Fossil Canyon.
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Table 44. Indirect peak-discharge estimate for the September 1989 debris flow In an unnamed tributary at river

mile 126.9-1, site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend

Outside high-water mark: discontinuous mudline
Inside high-water mark: discontinuous mudline

Visually estimated percentage of channel controlled by bedrock: 100 percent

Supereievation data

Radius of curvature (R) =8 m
Elevation difference (AH,) =3.8 m
Mean velocity (V,) =5.2 m/s

Channel top width (W) = 11
Channel slope (8) =0.14

Cross-section data

Thalweg Hydraulic Hydrautic Flow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section iocation in meters meters in meters in meters in meters in meters
Superelevation 0 27 0.2 25 3.7 11
Upstream 12 35 03 34 19 10

Q, =180 m%s
Site rating for estimating discharge: Good

IEinal discharge estimate based on minimum flow-elevation difference, L to R.

Sediment Characteristics

Several sediment samples were collected from
the 1989 debris-flow deposits. These included an
11-kg debris-flow sample collected from a debris-
flow levee in the main tributary channel upstream
from the debris fan; point-count data for the
undisturbed surface of the debris fan; and samples
of both hyperconcentrated-flow and streamflow
sediments. The fraction of the sample <64 mm
collected from the debris fan contained 20 percent
sand-and-finer sediment. Particle-size data
collected from the non-reworked debris fan surface,
the reworked distal edge of the debris fan, and other
related deposits, in March 1994 indicate that
significant reworking of the deposit has occurred
since 1989 (fig. 41A and 41B). A source
distribution for the coarse part of the debris flow
(fig. 41C) indicates that the debris flow consisted
mainly of Muav and Redwall Limestone clasts,
with lesser amounts of Supai Group rocks. On the
basis of reconstitution, the debris flow sample
contained 14 to 17 percent water by weight. Five of
the largest boulders deposited on the debris fan,
which were Redwall Limestone, had an average b-
axis diameter of about 1.4 m and ranged in weight
from 2.6 to 23 Mg (appendix 8).

Deposition of the Debris Fan

The 1989 debris flow deposited a new debris
fan at the confluence of the tributary and the
Colorado River. Aerial photographs taken of the
site in 1988 show only a small deposit of boulders
before the 1989 debris flow; two small sand bars
present in 1988 were buried by the new deposits.
The surface of the present debris-fan deposit
contains well-sorted gravel. No intact debris-flow
deposits were found on the debris-fan surface;
however, intact debris-flow deposits were found 0.4
m beneath the surface. The new debris fan was first
visited about five weeks after the debris flow
occurred. Point counts of the 1989 debris-fan
surface revealed a particle-size distribution for the
coarser component of the debris flow which was
partly reworked by streamflow that followed the
initial pulse of the debris flow (fig. 41A). After
1989, several occurrences of streamflow and (or)
hyperconcentrated flow from the tributary
deposited additional sediments on the debris fan.

A test pit with an area of 0.5 m? was excavated
into the 1989 debris fan. The stratigraphy of
sediments in the debris fan showed an upper 0.2 m
of streamflow deposits underlain by 04 m of
transitional sediments indicative of hyper-
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Figure 39. Particle-size and source distributions of various sediment deposits associated with the debris flow of 1989
that occurred in an unnamed tributary of the Colorado River at river mile 126.9-L. A, Particle-size distributions of an
undisturbed 1989 debris-flow levee and the reworked distal edge of the 1989 debris fan that was inundated by
Colorado River discharges of < 142 to about 935 m®/s between 1989 and 1994. B, Source distribution of particles on
the undisturbed 1989 debris fan.
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Figure 41. Particle-size and source distributions of various sediment deposits associated with the debris flow of 1989
in an unnamed tributary of the Colorado River at river mile 127.3-L. A, Patticle-size distributions of the reworked,
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levee. B, Particle-size distributions of a 1989 hyperconcentrated-flow deposit and a 1989 streamflow deposit.
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Figure 41. Continued.

concentrated flow. Underlying these strata was a
layer of matrix-supported debris-flow deposits
containing large boulders; the lower limit of this
layer could not be determined by excavation. Point-
count data collected at a depth of 0.4 m beneath the
surface of the test pit indicated that most of the
particles in the hyperconcentrated flow were Muav
Limestone (fig. 41B).

Estimated Volume of the 1989 Debris Fan

The area of the 1989 debris-fan deposit at the
mouth of the unnamed tributary at river mile 127.3-
L was 1,600 m3. The elevations measured along the
front of the debris fan were made at about the
elevation of 250 to 300 m?/s discharge in the
Colorado River. The average thickness of the debris
fan was estimated to be about 5.3 m, using the
estimated burial depth of prominent bedrock
outcrops visible in pre-1989 aerial photographs.
The estimated volume of the new debris fan is about
8,500 m3; 1,700 m? of the deposit is sand-and-finer
sediment.

Frequency

The frequency of debris flows in the unnamed
tributary at river mile 127.3-L was estimated using
a combination of aerial photography and
radiocarbon dating. Aerial photographs taken
between 1935 and 1988 show mno significant
changes to the stream channel or the debris fan. The
1935 photograph clearly shows a prominent
outcropping of amphibolite rock surrounded by
sand in the present location of the new debris fan.
On the basis of these photographs, no debris flows
had occurred at this drainage between 1935 and
1989. In addition, the 1935 photographs show no
evidence that a debris flow had occurred before that
date. Therefore, the frequency of debris flows in
this tributary may be one debris flow per 60 years or
less.

Debris flows in the unnamed tributary at river
mile 127.3-L periodically buried packrat middens
that were built on a vertical wall downstream from
site A. Burial occurred at least three times; after the
midden was initially buried by a thin layer of matrix
mud, the rodents reoccupied the location and
continued accumulating organic materials until the
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next debris flow occurred. This stratigraphic
arrangement of packrat middens and debris-flow
deposits was used to estimate the frequency of
debris flows in this tributary. The lowermost
packrat midden had a radiocarbon age of 3,050+130
yrs BP, which calibrates to a calendric date range of
BC 1488 to 1110. The radiocarbon date, therefore,
signifies a record length of 3,015 to 3,538 years in
this tributary. The two intermediate packrat
middens were radiocarbon dated at 2,945+130 and
2,685+150 yrs BP, which calibrate to BC 1387 to
943 and BC 1010 to 664, respectively (appendix 7).
During the period represented by these packrat
middens, the frequency of debris flows is about one
every 200 years. The stage of the 1989 debris flow
was only slightly lower in elevation than the packrat
midden and did not inundate that location.
However, it did dislodge the large boulder that
shielded the midden, exposing it to weathering.

“127.6-Mile Canyon”
(River Mile 127.6-L)

In 1989, a debris flow occurred in 127.6-Mile
Canyon, a tributary that drains 1.75 km? on the west
side of the river on the eastern flank of Stanton
Point (fig. 40). This ephemeral stream has a main
channel that splits into two smaller, steep channels
immediately downstream from cliffs formed by
Redwall Limestone. No major geologic structures
have been mapped in this drainage (Huntoon and
others, 1986).

The 1989 debris flow in 127.6-Mile Canyon
probably occurred during the same storm that
initiated the debris flows in the unnamed tributaries
at river miles 126.9-L and 127.3-L. The debris flow
caused significant aggradation on an existing debris
fan and formed a new rapid in the Colorado River.
The debris flow was mostly initiated above the
Redwall Limestone, apparently in talus slopes
overlying Hermit Shale. Additional source
sediment for the debris flow was eroded from the
lower section of the drainage. Fire-hose effects,
from runoff falling over cliffs of Redwall
Limestone, initiated failures in colluvial wedges
deposited on slopes of Muav Limestone, and
significantly contributed to the debris flow. Aerial
photographs taken in May 1988 and October 1989

showed that the main channel of the basin was also
aggraded by at least 3 m during the debris flow.

Estimates of Sediment Yielded from Hilislopes

The sediment yield from 127.6-Mile Canyon
was estimated from zones of scour in the colluvial
wedges overlying Muav Limestone in the lower
basin. Scour was obvious in the colluvial wedges,
and erosional evidence included fresh gullies,
damaged plants, and exposed roots. On the basis of
several estimates from different parts of the basin,
4,000 to 5,000 m? of sediment was eroded from the
colluvial wedges.

Test pits excavated in the channel upstream
from the debris fan revealed a transition between
matrix-supported debris-flow deposits and open-
matrix gravel and sand, which is indicative of
hyperconcentrated flow. A total of 5,000 to 7,000
m? of gravel-sized sediment was deposited in the
main channel between the colluvial wedges and the
debris fan. The channel deposits were reworked on
their surfaces, although test pits revealed that the
underlying deposits contained finer-matrix material
0.2 m below the surface. Deeper excavation showed
depositional evidence of an intermediate period of
reworking that occurred between two pulses of
debris flow.

Sediment Characteristics

Sediment samples collected from the 1989
debris-flow deposits included a 23.5-kg sample
excavated from an undisturbed debris-flow levee in
the main channel upstream from the debris fan; a
27.7-kg sample collected from the 1989 deposits on
the debris fan; and three samples of
hyperconcentrated-flow  sediments  deposited
during recessional flow in 1989 and separate floods
in 1991 and 1993 (fig. 42A). The <64 mm fractions
of the debris-flow samples contained 13 percent
sand-and-finer sediment. A source distribution for
the coarse component of the debris flow indicates
that the debris flow contained mostly clasts of
Redwall Limestone, Supai Group rocks, and Muav
Limestone (fig. 42B). The <16 mm fraction of the
debris fan sample contained a minimum of 11 to 15
percent water by weight. In addition to these
particle-size samples, the ten largest boulders
deposited on the debris fan were 1.2 and 2.9 m in
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diameter and ranged in weight from 11to 111 Mg
(appendix 8).

Particle-size data collected from the reworked,
distal edge of the 1989 debris fan were repeatedly
collected from the same sampling area on six
different occasions between February 1990 and
March 1994 (fig. 42C). These data show a
significant coarsening of the distal edge in
comparison with the intact surface of the debris fan
(fig. 42D). Following the initial pulse of the 1989
debris flow, two hyperconcentrated flows deposited
mostly gravel-sized sediment on the debris fan. The
most recent of these floods occurred during the
summer of 1993.

Discharge Estimates

Site A

At site A, immediately upstream from the
debris fan, superelevated flow occurred in a left-
hand bend (fig. 40). Flow-surface elevations on the
outside of the bend are preserved as a continuous
mudline and cobble-sized sediment deposited
along the right-channel margin. Flow-surface
elevations on the inside of the bend are
indicated by discontinuous debris-flow deposits, a
discontinuous mudline, and damaged plants.
Using the superelevation method, the peak
discharge for the 1989 debris flow was 220 m?%/s
(table 46).

Site B

Site B, in a left-hand bend incised into Tapeats
Sandstone upstream from site A (fig. 40), had
evidence of superelevated flow on the outside of the
bend as a continuous mudline. Depression of the
flow-surface elevation on the inside of the bend is
indicated by a discontinuous mudline and damaged
plants; evidence of runup is also preserved at site B.
We estimated peak discharges of 330 m¥/s and 380
m?/s at site B using the superelevation and runup
evidence, respectively (table 47).

Twigs were collected from mud deposited by
the debris flow of 1989 on a protected bedrock
ledge immediately upstream from site B.
Radiocarbon dates on this material of 109.2+1.4
and 108.210.8 percent of modem carbon indicate a
post-1950s date for this debris flow (appendix 7).

Using the post-bomb !4C relation, dates in 1957 or
1988 are obtained; the latter is consistent with the
1989 date of the debris flow.

Effects of the 1989 Debris Flow on the River

The 1989 debris flow aggraded the debris fan
and formed a new rapid on the Colorado River. On
the basis of a photograph of the debris fan taken in
1973 (Harmer Weeden, appendix 6), the existing
debris fan was aggraded by 2 m during the 1989
event (fig. 43). In addition, small sand bars on the
upstream and downstream sides of the debris fan -
were buried by debris-flow deposits. Point-count
data collected on the debris fan shortly after the
debris flow indicates that the fluctuating-flows
released from Glen Canyon Dam between 1989 and
1994 reworked a significant amount of sediment
finer than about 0.90 m (b-axis diameter) along the
distal-edge of the debris fan (fig. 42C). Most of this
reworking occurred in the first 12 months after the
debris flow and during high water caused by a
January 1993 flood discharge from the Litle
Colorado River which equaled or exceeded the
peak powerplant discharges.

Volume of the 1989 Debris Fan

The newly aggraded area of the debris fan has
an area of 2,500 m2 On the basis of repeat
photography of the debris fan from 1973 and aerial
photographs taken between 1935, 1984, and 1990,
which show partial burial of existing boulders at the
site, the average thickness of the aggraded debris
fan is about 2.0 m. On the basis of these
measurements and estimates, the total volume of
the 1989 debris flow is estimated at about 5,000 m3,
The volume of sand-and-finer sediment contained
in the newly aggraded debris fan is about 650 m3,
based on a sand-and-finer sediment content of 13
percent.

During September 1991 and January 1993,
additional floods in this tributary deposited
hyperconcentrated-flow deposits over most of the
debris fan and a newly deposited separation bar.
The particle-size distributions of the 1991 and 1993
deposits consist of mostly well-sorted gravel (fig.
42A).

The effects of post-1989 floods in 127.6-Mile
Canyon include aggradation of the debris fan and
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Figure 42. Particle-size and source distributions of various sediment deposits associated with the debris flow and
streamflow fioods that occurred between 1989 and 1993 in “127.6-Mile Canyon” {river mile 127.6-L). A, Particle-size
distributions of the undisturbed 1989 debris-flow deposit, an undisturbed 1989 debris-flow levee, a 1991 hypercon-
centrated-flow deposit, a hyperconcentrated-flow deposit of 1993, and a 1993 streamflow deposit. B, Source distri-
bution of particles on the undisturbed 1989 debris-flow deposit.
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C, Time series of changes in particle-size dlstrlbutlons showing reworking of the distal edge of the 1989 debris-flow
fan exposed at discharges of 140 to about 935 m®/s sampled between 1990 and 1994. D, Particle-size distributions of
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an undisturbed, 1993 streamflow deposit and a river-reworked, 1993 streamflow deposit.

Figure 42. Continued.
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Figure 43. Replicate photographs of the debris fan at “127.6-Mile Canyon” (river mile 127.6-L). A, The original view,
which is looking downstream, shows the debris fan at “127.6-Mile Canyon” as it appeared in the summer of 1973
(Harmer Weeden, Pennsylvania State University, Weeden slide l1I-3, Grand Canyon National Park).
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B, The replicate view was taken on October 19, 1991 (Liz Hymans, U.S. Geological Survey, stake 2236). The debris
flow of 1989 has buried the former sand bar and aggraded the debris fan by 2 m.

Figure 43. Continued.
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Table 46. Indirect peak-discharge estimate for the September 1989 debris flow in “127.6 Mile Canyon” (river miie
127.6-L), site A

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AHg max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous scourline with damaged plants

Inside high-water mark: discontinuous debris flow deposit and mudlines
Visually estimated percentage of channel controlled by bedrock: 50 percent

Superelevation data
Radius of curvature (R)) =36 m Channel top width (W)=35m
Elevation difference (AH;) =4.1 m Channel slope (S) = 0.14
Mean velocity (V,) = 6.4 m/s

Cross-section data

Thalweg Hydraulic Hydraulic Flow-elevation

distance, Area, in square radlus, depth, difference, Top width,
Cross-section location in meters meters in meters In meters Iin meters in meters
Downstream 66 97 35 3.0 2.1 32
Superelevation 0 180 3.8 3.8 4.1 47
Upstream 64 34 09 1.6 1.5 16

Q, =1220m’s
Site rating for estimating discharge: Good

IFinal discharge estimate based on minimum flow-elevation difference, L to R.

Table 47. Indirect peak-discharge estimate for the September 1989 debris flow In “127.6 Mile Canyon” (rlver mlle
127.6-L), site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend with a runup
Outside high-water mark: continuous mudline

Inside high-water mark: discontinuous mudline with damaged plants

Visually estimated percentage of channel controlled by bedrock: 75 percent

Superelevation and runup data

Radius of curvature (R)) =20 m Channel top width (W)=16 m
Elevation difference (AH;) =3.9mm Elevation difference (AH,) =3.2m
Mean velocity (Vg) = 6.9 m/s m Mean velocity (V,)=7.9 m/s

Channel slope (S) = 0.10

Cross-section data

Thaiweg Hydraulic Hydraullc  Flow-elevation

distance, Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters in meters in meters
Superelevation 0 81 29 42 39 20
Upstream 36 48 04 29 1.1 17

Q, = 1330 m%s and Q,= 1380 m¥/s
Site rating for estimating discharge: Good

IFinal discharge estimates based on minimum flow-elevation differences, L to R
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reduction in the size of the remaining separation
bar. The former surface of the sand bar was covered
by about 0.3 m of hyperconcentrated-flow
sediments and streamflow transported gravels by
March 1994. The separation bar was surveyed
repeatedly between February 1990 and March
1994; comparison of the August 1991 and October
1991 surveys indicate that approximately 50
percent of the sand bar was buried by the
hyperconcentrated-flow deposit of September
1991.

Aerial photographs taken of the pre-1989
debris fan in May 1988 indicate that the 1989 debris
flow was responsible for burying a significant part
of the separation bar on the downstream side of the
debris fan. An indirect effect of the 1989 debris
flow has been alteration of the size and shape of the
flow-separation zone downstream from the debris
fan and associated recirculating flow patterns that
have altered deposition of fine sediment on the
separation bar. Aerial photographs taken of the
debris fan and separation bar between May 1988
and June 1990 show that the altered depositional
pattern is the result of the increased constriction of
the Colorado River. During that time period, the
separation bar increased in size laterally before it
was eventually buried by the 1991 flood deposits.

Frequency

The frequency of debris flows in 127.6-Mile
Canyon was estimated using two historical
photographs of the debris fan taken in 1973 and
aerial photographs taken between 1935 and 1990.
The 1935 aerial photograph shows a debris fan at
the mouth of 127.6-Mile Canyon that is similar to
the debris fan shown in the 1988 aerial photograph;
minor changes in the size of the separation bar had
occurred in the intervening 55 years. This indicates
that no debris flows affecting the separation bar had
occurred at the site between 1935 and September
1989. The 1973 photographs also show that no
debris flows occurred between 1973 and 1989. The
replicate views (fig. 43) provide an excellent
example of how sand bars may be directly affected
by debris flows through burial. In summary, none of
the replicate or aerial photographs show evidence
of debris flows between 1935 and 1989. The debris
flow of 1989 and the hyperconcentrated flows of
1991 and 1993 were probably the first significant

occurrences of sediment transport in this drainage
basin in about 60 years.

Specter Chasm (River Mile 129.0-L)

Specter Chasm drains 8.25 km? on the west side
of the Colorado River (fig. 1). A small debris flow
occurred in this drainage basin during the same
storm in 1989 that triggered other debris flows
between river miles 126 and 130. Using a
photograph taken of the Specter Chasm debris fan
and rapid by Eddy in 1927 that we matched in 1993
(appendix 6), we concluded that the 1989 debris
flow was the first in Specter Chasm to reach the
Colorado River in 62 years (figs. 44A and 44B).
Aerial photographs taken between 1965 and 1988
indicated no changes to the rapid or debris fan
during that time period.

We estimated particle-size and source
distributions for the pre-1989 debris fan, which had
been reworked by the Colorado River, and the
mostly undisturbed debris deposited by the 1989
event (figs. 45A and 45B). Both the debris-flow
sediments from the 1989 flood and the reworked
debris-fan surface are composed mostly of Redwall
Limestone (fig. 45B). The 1989 deposit on the
debris fan has been only slightly reworked by river
flows that have ranged from less than 142 to about
990 m?/s since 1989.

The discharge of the 1989 debris flow could not
be estimated because no suitable sites were found in
the tributary. However, several large boulders were
transported into Specter Rapid during the flood;
these increased the severity of the rapid by
constricting the left side of the river channel and
forcing flow toward a bedrock wall on river right.
Large standing waves in the center of the channel
are now difficult to avoid. River flows since 1989
have not removed a significant number of the new
boulders from the rapid.

Bedrock Canyon (River Mile 130.5-R)

Bedrock Canyon drains 21.41 km? on the north
side of the Colorado River (fig. 1). Bedrock Rapid
is formed by a combination of a debris fan at the
mouth of the canyon and a Precambrian bedrock
outcrop in the center of the Colorado River channel
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Figure 45. Particle-size and source distributions of various sediment deposits associated with the debris flow of
September 1989 in Specter Chasm (river mile 129.0-L). A, Particle-size distributions of the pre-existing, reworked
debris fan and the partially reworked, 1989 debris-flow deposit that was inundated by river discharges of < 142 to
about 935 m3/s between 1989 and 1994. B, Source distributions of particies on the pre-existing, reworked debris fan
surface, and the partially reworked, 1989 debris-flow deposit.
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Figure 46. Particle-size and source distributions of various sediment deposits associated with the debris flow of
September 1989 that occurred in Bedrock Canyon (river mile 130.5-R), a tributary of the Colorado River in Grand
Canyon. A, Particle-size distributions of the pre-existing, reworked debns fan and the partially reworked, 1989 debris-
flow deposit inundated by river discharges of < 142 to about 935 m 3/s between 1989 and 1994. B, Source distribu-
tions of particles on the pre-existing, reworked debris fan and the pattially reworked, 1989 debris-flow deposit.
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immediately downstream from the mouth of the
canyon. According to the account of a river guide
(Larry Stevens, oral commun., 1989), a small debris
flow occurred in Bedrock Canyon during late
August to early September 1989. The debris flow
likely was triggered by the same storm that initiated
debris flows between river miles 126 and Specter
Chasm (river mile 129.0-L). On the basis of aerial
photographs, the 1989 debris flow was the first to
occur in Bedrock Canyon and reach the Colorado
River since 1965.

Particle-size and source distributions were
determined from point-count data collected from
the existing debris-fan surface and partly reworked
debris-flow deposits deposited at the debris fan
during the 1989 debris flow. We were unable to
sample the initial debris-flow sediments before they
were inundated during powerplant releases during
the autumn of 1989. Figure 46A shows the contrast
in particle-size distributions between the pre-1989,
reworked debris fan and the partly reworked debris
fan of 1989. The source distributions of the 1989
and pre-1989 debris-fan surfaces are shown in
figure 46B.

The most significant result of the 1989 debris
flow was deposition of a small, bouldery debris fan
on the downstream side of the existing, reworked
debris fan. The new debris-flow deposit initially
constricted the right side of the river channel by
about 8 to 10 m. This deposit greatly increased the
difficulty of navigating Bedrock Rapid because
river runners had great difficulty avoiding the
bedrock outcrop in the center of the rapid. The
enlarged debris fan has been reworked substantially
by river flows since 1989, but a residual deposit of
boulders remains on the fan, which makes Bedrock
Rapid a greater challenge for private and
commercial boaters than the rapid was before 1989.
Because of the size of this drainage basin, and the
unusual bedrock outcrop in the rapid, the potential
for additional debris flows to further increase
navigational hazard in Bedrock Rapid is great in the
post-dam era.

140-Mile Canyon (River Mile139.9-L)

140-Mile Canyon drains 25.76 km? on the
south side of the river (fig. 47). We examined a
recent-looking debris-flow lobe on the downstream

side of the debris fan. On the basis of its elevation
and bouldery texture, the debris-flow deposit had
been reworked by large, pre-dam Colorado River
floods, indicating that it was deposited before 1963.
The flood of 1983 (about 2,700 m3/s) may have
inundated the deposit, although we could not
determine the amount of reworking that may have
occurred in 1983. We did not find sufficient
evidence to determine either the peak discharge or
volume of this debris flow.

Some indication of the frequency of debris
flows in this tributary was determined using
radiocarbon dating. A piece of driftwood partly
buried in the surface of the most recent debris-flow
fan deposit yielded a radiocarbon age of 255+100
yrs BP. This date indicates that the last debris flow
in 140-Mile Canyon likely occurred between AD
1490 and 1955 (appendix 7). No historic
photography is available for 140-Mile Canyon, and
aerial photography was insufficient to evaluate the
frequency of debris flows in this tributary.

The particle-size distribution for the deposit of
the AD 1490 to 1955 debris flow was similar to that
of the fully reworked debris-fan surface (fig. 48A).
Most of the matrix (sand-and-finer sediment) had
been removed from the debris fan, but cobbles and
small boulders are numerous. The source
distribution of the AD 1490 to 1955 debris flow
indicates that the deposit consists mostly of
Redwall and Muav Limestones (fig. 48B).

Kanab Creek (River Mile 143.5-R)

Kanab Creek is a major tributary of the
Colorado River, draining 6,076 km? of northern
Arizona and southemn Utah (fig. 1). Most flow in
this creek, which is perennial at its mouth, is
streamflow. However, debris flows are initiated in
Kanab Creek in its lower reaches. Stream terraces
lining the channel margins along its lower 20 km
consists of poorly-sorted debris-flow deposits
including large boulders (Webb and others, 1991).

Considerable historical photography exists of
Kanab Creek, beginning with images taken in 1872
(Webb and others, 1991). In particular, the debris
fan at the mouth of Kanab Creek has been
frequently photographed (table 48). Previous
analysis of historical photographs indicated that a
large debris flow initiated in a tributary of Kanab
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Creek had flowed to the Colorado River (Webb and
others, 1991). Although the date of this debris flow
had been constrained between 1923 and 1953
(Webb and others, 1991), a 1942 photograph (table
48) indicates the debris flow occurred between
1923 and 1942. A 1934 photograph exists, but does
not include the upper part of the debris fan.

Unnamed Tributary at River
Mile 157.6-R

Widespread, convective thunderstorms over
western Grand Canyon on or about August 20,
1993, triggered a debris flow in an unnamed
tributary at river mile 157.6-R (fig. 49). This
tributary drains 11.11 km? on the north side of the
Colorado River. We could not access the upper
reaches of this drainage during our fieldwork;
therefore, the peak discharge was not estimated for
the debris flow. River runners camped downstream
in the vicinity of National Canyon (river mile
166.4-L) on the day of the debris flow reported
about three hours of intense thunderstorms during
the afternoon of the August 20, dropping from 50 to
75 mm of rain,

A relatively-small debris fan was present at
mile 157.6-R before the 1993 debris flow. A
popular camping beach commonly known as the
“First Chance” camp is used often by river runners
owing to its close proximity to Havasu Creek (river
mile 156.8-L), which is a popular stop for river
parties. Fortunately, the debris flow occurred
during the day when the camp was unoccupied.

Volume of the 1993 Debris Dan and SedIiment
Characteristics

On the basis of a topographic survey of the
1993 debris fan, we estimated a minimum volume
for the new debris-flow deposit atriver mile
157.6-R of 10,000 to 13,000 m3. Point-count data
collected from the surface of the new fan deposit
indicates that the debris flow is very-poorly sorted,
contains 25 to 35 percent sand-and-finer sediment
(fig. 50A) and consists mainly of Muav and
Redwall Limestones, with lesser amounts of Supai
Group rocks (figs. SOB). Particle-size distributions
for the initial debris-flow pulse were compared with

three point-count transects made across the later-
stage sediment deposits (fig. 50C). These data show
the contrast between the coarser, initial surge of the
debris flow and the finer sediment that was
transported by recessional flow. Such differences
between initial and late-stage surges are common in
Grand Canyon debris flows.

The distal edge of the 1993 debris fan was
slightly reworked by river flows of 142 to 566 m?/s
that occurred between August and September 1993.
However, the remainder of the debris fan probably
will not be substantially reworked by flows of 850
to 1,500 m3/s. Large boulders deposited on the
debris-flow fan were measured and classified by
source in order to determine their individual and
total volumes; most of these boulders were Muav
Limestone that ranged in weight from 1 to 7.5 Mg
(appendix 8).

Effects on the River Channel

Most of the sand bars on the upstream and
downstream margins of the debris fan were buried
under 2 to 4 m of poorly sorted debris. Burial of
sand bars by debris flows is common, but this was
an exceptional example of how a heavily-used
camping beach can be rendered unusable by a
debris flow. The 1993 debris flow constricted the
river channel by about 15 m, which increased the
drop through an existing riffle.

Frequency

The frequency of debris flows in this unnamed
tributary was determined by examining aerial
photographs taken between 1965 and 1993. These
photographs indicate that the 1993 debris flow was
the first since at least 1963 when Glen Canyon Dam
was closed. Twigs deposited in the 1993 debris fan
deposit were analyzed for C to test the accuracy of
the radiocarbon dating recent debris flows using the
ultra modern, post-bomb curve. This material
radiocarbon dated at 116.2+1.2 percent of modern
carbon, which corresponds to a calendric date of
either 1958 or 1993 (appendix 7). The sediment had
a 1¥Cs activity of 0.057+0.008 pCi/g, which is
consistent with the date of the flow.
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Figure 48. Particle-size and source distributions of various sediment deposits associated with a debris flow that
occurred between AD 1490 and 1955 in 140-Mile Canyon (river mile 139.9-L). A. Particle-size distributions of the pre-
existing, reworked debris fan and the reworked deposit of the AD 1490 and 1955 debris flow. B, Source distribution of
the reworked deposit of the AD 1490 and 1955 debris flow.
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Table 48. Historical photographs of Kanab Creek Rapid (river mile 143.5) and the debris fan at the mouth of
Kanab Canyon (river mile 143.5-R)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Kanab Rapid. For photographs taken
between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River at Lees Ferry. After 1963, discharge is estimated
from known stage-discharge relations at Kanab Rapid. These estimates are perhaps accurate to +1,000 ft3/s. (AV), vertical aerial photography; (AL),
photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right side of the river; (RL),
photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream view; (AC), view across
the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows debris fan(s); (SB), view
shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Photographe Original Stake Directio Discharge
Year Date r number number Side n Subject (ﬂ3/s)
1871 Apr Beaman 399 1793 RR DS R,DF nd.
1872 Sep 10 1Hillers 692 695 RR DC DF 3)
nd. Bell 225 2652 RR us DF nd.
nd. Bell 216 2653 RR DS R,DF nd.
nd. Bell 178 2654 RR ucC DF A3
nd. Bell IM-269 1792 RR uc DF 3)
nd. Bell -1 1096 RR DC DF 3)
nd. Bell -5 1794 RR DS DF nd.
nd. Bell V-5 694 RR DS DF nd.
1890 Feb 24 IStanton 597 1504a RR DS R,DF ~8,000
1923 Sep 10 LaRue 552 1791 RL uUs SB 10,600
Sep 10 LaRue 553 718 RL us R.DESB 10,600
Sep 10 LaRue 554 2041 RR DC DF 10,600
Sep 10 Larue 555 nm. RR Us R,DESB 10,600
1934 Jul 30 Fahmi 3-226 nm. RR DS SB 2,050
1942 Jul Wilson 4:08:21 2595 RR DS R,DF 19,900
1953 Jul 6 Reilly R42-7 2040 RR DC DF 20,200
1964 May 10 Reilly L70-24 2038 RR DC DF A3)
May 10 Reilly L70-19 2042 RR DC DFE,SB nd.
May 10 Reilly L70-17 2042b RR DS DESB nd.
1968 Sep 22 2Stephens 692 695 RR DC DF A3)
1972 Jul2 Turmer nd. 695 RR DC DF 3)

Iphotograph was published in Webb and others (1991).
2Pholograph was published in Stephens and Shoemaker (1987).
3ndicates that the river was not visible in the photograph.

152 Magnitude And Frequency Data For Historic Debris Fiows In Grand Canyon National Park And Vicinity, Arizona



u2°l47 ‘30"

112°48'30"
36°19" 1
]
36°18 k .
L4 ®
N .
o « o”2—DRAINAGE
BOUNDARY
? l 1/2 MILE S
o 0.5 KILOMETER EXPLANATION §
CONTOUR INTERVAL 1000 FEET A DEBRIS FAN S
NATIONAL GEODETIC VERTICAL Q
DATUM OF 1929 ‘
| 1
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Figure 50. Particle-size and source distributions of sediment deposits associated with the debris flow of 1993 in an
unnamed tributary at river mile 157.6-R. A, Particle-size distributions of the initial, undisturbed debris-flow lobe, the
surface of the entire debris fan, and the < 64 mm fraction of the debris-flow matrix. B, Source distribution of particles
on the undisturbed 1993 debris-flow deposit.
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Figure 50. Continued.

Unnamed Tributary at
River Mile 160.8-R

A debris flow occurred in the unnamed
tributary at river mile 160.8-R on or about
August 20, 1993, during the same storm that
affected the unnamed tributary at river mile 157.5-
R. This small tributary drains 3.37 km? on the north
side of the river (fig. S1). We were unable to
determine peak discharge for this debris flow owing
to the inaccessibility of the tributary. By surveying
the deposit, we estimated that a minimum of 8,000
to 12,000 m?® of debris was deposited in the
Colorado River during the debris flow.

Large boulders ranging from 1 to 2 m in
diameter (b-axis) were deposited in the river and on
the existing debris fan (appendix 8). The resulting
constriction of the river channel formed a new rapid
where only a small riffle existed previously. The
debris-flow sediment also partly buried a separation
bar. The particle-size distribution (fig. 52A) for the
tributary streamflow-reworked debris-fan deposit
contained no sand by the time we sampled it in
September 1993. Most of the largest boulders
deposited on the fan and in the river were Muav and

Redwall Limestone and Supai Group rocks (fig.
52B). The largest boulders ranged in weight from
2.6 to 26 Mg (appendix 8).

The frequency of debris flows in this unnamed
tributary was determined by examining aerial
photographs taken between 1965 and 1993. These
photographs indicate that the 1993 debris flow was
the first since 1965 and probably was the first since
Glen Canyon Dam was closed in 1963. Twigs
deposited on the 1993 debris fan deposit were
analyzed for *C to test the accuracy of radiocarbon
dating applied to recent debris flows. The #C
activity of 116.2+t1.5 PMC corresponds to a
calendric date of either 1958 or 1993 (appendix 7).

Prospect Canyon (River Mile 179.4-L)

Prospect Canyon is a large tributary in western
Grand Canyon that drains 257.22 km? of forests and
grasslands. This tributary consists of a large upper-
catchment area with a drainage called Prospect
Creek and a small, steep lower basin called
Prospect Canyon (fig. 53). The ephemeral stream
channel of the upper and lower basins drains
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northward and joins the Colorado River at river
mile 179.4-L (fig. 54). Lava Falls Rapid,
considered the largest rapid on the Colorado River
(Stevens, 1990), is formed by the large boulders
deposited in the Colorado River from Prospect
Canyon. On the basis of our reconnaissance of the
upper reaches of the canyon, we concluded that
debris flows are produced solely in Prospect
Canyon.

The rocks exposed in Prospect Canyon consist
of Paleozoic strata with Quaternary Dbasalts
produced in local vents. Prospect Creek is a large
catchment draining a broad, low-gradient valley.
This alluvial valley formed after Quaternary basalt
flows filled the ancestral Prospect Canyon during
the Pleistocene. Prospect Canyon contains large
deposits of colluvium as a result of headword
erosion into the basalt-filled drainage. Runoff
generated in Prospect Creek flows over a steep,
500-m high talus slope of cinders and basalt-laden
colluvium at the head of Prospect Canyon.

The Toroweap Fault, a major geologic structure
of the region, trends south across the Colorado
River and through Prospect Canyon. This post-
Paleozoic fault is down-thrown to the west
(Huntoon and others, 1986). The presence of the
fault may increase sediment production in Prospect
Canyon and may, in part, explain the atypically
high frequency and magnitude of debris flows in
this tributary. However, the most important
geomorphic contributors to the relatively high
frequency of debris flows are a headwardly-eroding
cinder cone on the western rim of the lower basin
and a steep scree slope at the head of Prospect
Canyon. These two features provide enormous
volumes of unconsolidated sediment for transport
by debris flows. The size of the Prospect Canyon
debris fan, which is 30-m high and one of the largest
debris fans in Grand Canyon, strongly suggests that
large debris flows have occurred frequently in this
canyon. The channel of Prospect Canyon is incised
25 to 28 m into the debris fan and provides the
depositional setting for recent debris flows.

Frequency

A total of 4 debris flows and 1
hyperconcentrated flow have occurred in Prospect
Canyon since 1872. The debris flows and
hyperconcentrated flow all occurred between 1939

and 1963 and are dated using 161 historical
photographs that show the Prospect Canyon debris
fan and Lava Falls Rapid (table 49). These
photographs also indicate that no debris flows
occurred between April 1872 and July 1938 or
between October 1963 and 1994, Using
photogrammetry, we estimated the areas and
volumes of all five aggradational areas on the debris
fan caused by recent debris flows from Prospect
Canyon (table 50).

On the basis of the photographic record at this
site, the debris flow occurred between July 29,
1938, and August 17, 1940. Using precipitation
data from two nearby stations, the most likely date
for the debris flow is either September 6 or 12,
1939. During the first three weeks of September,
four dissipating tropical cyclones caused intense
and prolonged precipitation in northem Arizona
(Smith, 1986). The 1939 debris flow deposited a
large debris-flow levee on the left side of Prospect
Creek about 0.1 km upstream from the river and
constricted the Colorado River by as much as 65
percent. Most of the 1939 debris-fan deposit was
reworked during two Colorado River floods in 1941
(fig. 55A), one of which exceeded 3,200 m?%ss. The
ten largest boulders deposited by the 1939 debris
flow that remained behind on the debris fan after
reworking were basalt boulders that ranged in
weight from 3 to 29 Mg (appendix 8). The 1939
debris flow had a relatively high stage and
significantly constricted the channel of Prospect
Creek between newly deposited debris-flow levees
(fig. 56B).

Debris flows also occurred in Prospect Canyon
in 1954 and 1955 (table 49). Photographs taken in
the summer of 1954 constrain the date for a debris
flow between June 14 and August 29 (table 49).
Although the 1954 debris flow had a major effect
on Lava Falls Rapid, in terms of decreasing its
severity (P.T. Reilly, oral commun., 1991), it was
the smallest of the four historical debris flows in
Prospect Creek (fig. 56B). No depositional
evidence remains of this debris flow.

A larger debris flow occurred in Prospect Creek
in 1955. The date of this debris flow is constrained
by historic photographs taken on July 20 and in
October 1955 (table 49). We analyzed an oblique
aerial photograph taken by P.T. Reilly to determine
the effect of this debris flow on the Colorado River
(fig. 54). The 1955 debris flow reduced the cross-
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Figure 51. The drainage basin of an unnamed tributary of the Colorado River at river mile 160.8-R in Grand Canyon.
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Figure 52. Particle-size and source distributions of sediment deposits associated with the debris flow of 1993 in an
unnamed tributary at river mile 160.8-R. A, Particle-size distribution of the undisturbed 1993 debris-flow deposit.
B, Source distribution of particles on the 1993 debris-flow deposit.
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Figure 54. Oblique aerial view of Lava Falls Rapid (river mile 179.3) taken March 25, 1956 (P.T. Reilly, photograph
L19-26). The debris flow of 1955 decreased the width of the Colorado River by two-thirds.
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sectional area of Prospect Canyon near the top of
Lava Falls Rapid by about 45 percent (table 50) and
partly overtopped the 1939 debris levee (fig. 56C).
Many large boulders were deposited in the rapid;
some of these were reworked by Colorado River
floods into a configuration that forms the current
feature known commonly as the “Ledge Hole”, a
major navigational hazard in the rapid.

Aerial photographs taken by P.T. Reilly in 1956
(table 49) reveal that a flood, probably
hyperconcentrated flow, occurred between April 16
and September 29, 1956. The newly deposited
debris fan from the 1955 debris flow was partly
eroded by the 1956 flood (fig. 54). All evidence of
the 1954 debris fan, the 1956 hyperconcentrated-
flow deposit, and most of the 1955 debris fan, were
eroded by the 1957 flood in the Colorado River (fig.
55B).

The last debris flow in Prospect Canyon
occurred in 1963 (table 49). Photographs taken on
August 24 and September 25, 1963 show evidence
of a sizeable debris fan and constriction of the
Colorado River. A dissipating tropical cyclone
(Tropical Storm Katherine) entered northern
Arizona on September 17, 1963; this storm resulted
in 75 to 150 mm of rainfall over a two day period
(Smith, 1986). The timing of Tropical Storm
Katherine coincides closely with the period of
photographic coverage bracketing the debris flow
and therefore is probably the storm that initiated
this debris flow. The 1963 debris flow constricted
the Colorado River by about 42 percent (table 50)
and deposited debris-flow levees that are preserved
as inset deposits along the base of the 1939 levees
(figs. 56D and S6E). The 1963 debris flow occurred
approximately 7 months after closure of Glen
Canyon Dam. The first large releases from Glen
Canyon Dam in June 1965 reworked most of the
1963 deposits (fig. 55C).

Several streamflow floods have recently
occurred in Prospect Creek. During the 1966 storm
that initiated debris flows in Crystal Creek and Lava
Canyon, a streamflow flood deposited small
boulders on the left side of Lava Falls Rapid,
reportedly closing off a previously used run (John
Cross Jr., written commun., 1994). During a period
of widespread flooding in February 1993, a
streamflow flood in Prospect Canyon deposited a
small volume of cobbles on the debris fan.

Both 137Cs and 1C were used to determine the
accuracy of radiometric techniques in dating recent
debris flows in Prospect Creek. Sediment samples
containing particles <2 mm in diameter were
collected from each of the debris-flow levee
deposits and at three levels in a deposit of Holocene
age (table 51); in one case, a <63 m fraction was
analyzed. As expected, the Holocene samples had
detectable activities of 137Cs in the surface and at
0.10 to 0.15 m depth, but no detectable activity at
0.5m depth.The 1939 debris flow had a low activity
of 137Cs, although one sample of the surface
exposed to fallout had an activity above the
detection limit. One sample of the 1955 deposits
also had a significant, high activity of 37Cs, as
ex‘yected, but a second sample had no detectable
137¢s (table 51). The activity of 137Cs in the 1963
deposits was equivocal. Two samples had
detectable, and high, activities, as expected, but
four samples had no detectable activity (table 51).
Two samples of sand-and-finer sediment from a
1993 flood deposit also had detectable 137Cs, as
expected. Five of 11 samples that should have
contained significant activities of 3’Cs had no
detectable activity, whereas pre-1952 deposits had
no detectable 137Cs except on exposed surfaces.
The 137Cs analyses yielded results that indicate the
technique does not reliably differentiate the age of
pre-1952 versus post-1952 deposition of debris-
flow sediments in Prospect Canyon.

Driftwood collected from the surfaces of the
recent levees and an older levee (designated as
surface F) was collected and radiocarbon dated to
determine the association of organic material with
the date of the debris flow that transported it
(appendix 7; table 52). Driftwood collected from
surface F yielded a radiocarbon age of 485190 yrs
BP, which corresponds to a calendric date range of
AD 1330 to 1454. The young appearance of surface
F, and lack of pedogenesis in the deposit, suggested
the debris flow occurred in the last 1,000 years.
Driftwood on top of the 1939 debris-flow levee
yielded a radiocarbon age of 460175 years BP,
which corresponds to a calendric date range of
AD1410 to 1473. Three samples of driftwood on
the 1955 deposit provided radiocarbon ages of
635180, 365190, and 190195 yrs BP; these
correspond to calendric age ranges of AD 1279 to
1406, AD 1436 to 1644, and AD 1640 to 1955,
respectively (appendix 7). Two samples of

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 161



Table 49. Historical photographs of Lava Falls Rapid (river mile 179.4) and the debris fan at the mouth of
Prospect Canyon (river mile 179.4-L)

[The photographs listed in this table were obtained from private individuals and Grand Canyon National Park, Norther Arizona University Special
Collections, University of Utah Special Collections, Utah State Historical Society, the Huntington Library, the National Archives, and the U.S.
Geological Survey Photographic Library. For photographs taken before 1921, the discharge is estimated from known stage-discharge relations. In
particular, see Kieffer (1988) for general stage-discharge relations for the rapid between 142 and 2,610 m3/s. For photographs taken between 1921
and 1963, discharge is estimated from daily discharge records of the previous day for the Colorado River near Grand Canyon. For unknown dates
and after 1963, discharge is estimated from known stage-discharge relations. These estimates are perhaps accurate to £30 m>fs. (AV), vertical aerial
photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the right
side of the river; (RL), photograph was shot from river left; (RR), photograph was shot from river-right; (US), upstream view; (DS), downstream
view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF), view shows
debris fan(s); (--), no data; (n.m.), the photograph was analyzed but not matched; (n.a.), not applicable]

Stake Side, Discharge
Year Date Photographer Original number number direction Subject (m’/s)
1872 Apr 16 Hillers 62 967 RR, DS R,DF 283
Apr 16 Hillers 896 2689 RR, AC DF na.
Apr 19 Hillers 597 2744 RR, DS DF 283
Apr 19 Hillers 693 nm. RR, AC R, DF 283
Apr 19 Hillers 515 n.m. RR, US R,DF 283
Apr19 Hillers 602 2613 RR, US R,DF 283
Apr 19 Hillers 616 2598 RR, US R 283
Apr 19 Hillers 623 3005 RR, AC R,DF 283
Oct Bell 243 2681 RR, AC DF na.
1890 Feb 27 Stanton 621 1510b RL, DS R,DF 226-396
1909 Nov 10 Cogswell 935 n.m. RL, AC R,DF 283
Nov 10 Cogswell 936 n.m. RL, Us R,DF 283
Nov 10 Cogswell 937 nam. RL, US R, DF 283
Nov 10 Cogswell 938 n.m. RL, US R,DF 283
Nov 10 Cogswell 940 1511 RL, US R,DF 283
Nov 10 Cogswell 941 nm. RL, DS R,DF 283
Nov 10 Cogswell 942 nm. RL, US R,DF 283
Nov 10 Cogswell 1161 2770 RL, US R,DF 283
1911 Jan 1 Kolb 631 3052 RR, US R,DF 28-85
Jan 1 Kolb 632 2599 RR, DS R,DF 28-85
1912 Jan 2 Kolb 44 2662 RL, US R, DF 28-85
1923 Sep 18 LaRue 605 1732 RL, US R, DF 255
Sep 18 LaRue 606 2368 RL, US R,DF 255
Sep 18 LaRue 603 2769 RL, DS R 2,970
1927 Aug 2 Eddy 92 1512 RL, AC R, DF 510
Aug 2 Eddy 93 2771 RL, US R, DF 510
Aug 2 Weatherhead  172.8 2663 RL, DS R 510
1929 - Scoyen 6616 967 RR, DS R,DF 566
1930 Jul Fraser 307 GDCN 179.1 967 RR, DS R, DF 283-566
1934 July 31 Fahmi 3-254 2658b RL, AC R, DF 58
July 31 Fahrmi 3-255 2658¢ RL, AC R,DF 58
July 31 Fahmi 3-258 2658a RL, DS R, DF 58
July 31 Fahrmi 3-260 2743 RL, US R,DF 58
1937 Nov 16 Campbell - 2045 RL, AC R,DF 198
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Table 49. Historical photographs of Lava Falls Rapid and the debris fan at the mouth of Prospect
Canyon—Continued

Stake Side, Discharge
Year Date Photographer Original number number direction Subject (m3/s)
Nov 16 Maxon 275 nm. RL, US R,DF 198
1938 - Inglesby Imovie #7 nm. RR, AC R, DF >510
Jul 29 Clover 2:14:14 2838 RL, US R 357
1939 Jul Gibson Zmovie nm. RL,AC R,DF 218
1940 Aug 17 Goldwater CR24 2657 RL, AC R, DF 71
Aug 17 Goldwater CR 57 2742 RL, DS R,DF 71
Aug 17 Goldwater CR 34 2659 RL, UC DF 71
1941 Jul 27 Heald 3:6:6 2741 RL, DS R,DF 578
1942 Jul 26 Wilson 4:8:11 2660a RL, AC R,DF 459
Jul 26 Wilson 4:6:8 2660b RL,AC R, DF 459
Jul 26 Wilson 4:12:5 2834 RL,AC R,DF 459
1947 Jul 22 Farquhar 477 GDCN 179.2.2 nm. RR, DS R, DF 691
Jul 27 Riffey 477 GDCN 179.444 1769 RL,AC R, DF 524
Jul 27 Marston 477 GDCN 179.2 1770 RL, AC R, DF 524
Jul 27 Marston 477 GDCN 179.12 1768 RL, AC R, DF 524
Jul 27 Nevills 5:12:1 2661 RL, AC R, DF 524
1949 Jul 27 Anspach 497 GDCN 179.8 2004 RL,AC R, DF 578
Jul 27 Reilly L6-35 2043 RL, DS R, DF 578
1950 Jun 19 Belknap 48826 2772 RL, DS R,DF 1,470
Jun 19 Belknap 48833 nm. RR, AC R, DF 1,470
Jun 19 Belknap 48839 nm. RR, AC R, DF 1,470
Jun 19 Belknap 48841 803 RR, AC R, DF 1,470
Jul 25 Reilly RO1-11 2046 RL, US R, DF 470
1951 Jul Litton - 967 RR, DS R, DF 2,260
Jul Litton - 969 RR, DS R, DF 2,260
Jul Litton - 2959 RR, DS R, DF 2,260
Sep Eden 2082 969 RR, DS R, DF >283
Sep Eden 2085 967 RR, DS R, DF >283
Sep Eden 2087 967 RR, DS R, DF >283
1952 Jul Nichols - 2935 RL, DS R, DF 1,130
Jul Nichols - 2957 RL, DS R, DF 1,130
Jul Nichols - 2969 RL, AC R, DF 1,130
Jul Litton - 967 RR, DS R, DF 1,130
Jul Litton - 2968 RL, AC R, DF 1,130
Oct 22 Leding 2359 969 RR, DS R, DF 164
Oct 22 Leding 2360 969 RR, DS R, DF 164
1953 Jul Frost - 2971a RL, US R, DF 708
Jul Frost - 2971b RL, DS R 708
1954 Jun 14 Visbak JV VIS 2961 RR, DS R, DF 360
Jul Nichols - 2966 RR, DS DF >991
Aug 29 Visbak - nm. RR, DS R, DF 133
1955 Mar 19 Reilly L11-13 nm. AR, DS R, DF 538
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Table 49. Historical photographs of Lava Falis Rapid and the debris fan at the mouth of Prospect

Canyon—Continued
Stake Side, Discharge
Year Date Photographer Original number number direction Subject (mals)
Mar 19 Reilly L11-14 nm. AL, AC R, DF 538
Mar 19 Reilly L11-15 nm. AR, DS R, DF 538
Mar 19 Reilly L11-16 nm. AR, AC R, DF 538
Mar 21 Reilly L12-13 nm. AV R, DF
Mar 21 Reilly L12-14 n.m. AR, US R, DF 396
Mar 21 Reilly L12-15 nm. AV R, DF
Apr 29 Beer - 2972 RL, AC R 430
Apr 29 Beer - 2934 RL, US R, DF 430
Apr 29 Beer 3movie nm. RL,AC R, DF 430
Jul 20 Beckwith -- n.m. RL, AC R, DF 209
Oct Hamilton 8352 969 RR, DS DF 114
Oct Hamilton 8353 969 RR, DS R, DF 114
Oct Hamilton 46-3-5605 969 RR, DS R, DF 114
1956 Mar 25 Marston 563 GDCN 179.8 969 RR, DS R, DF 181
Mar 25 Reilly L19-26 n.m. AR, DS R, DF 181
Mar 25 Reilly L19-27 n.m. AL, AC R, DF 181
Mar 25 Reilly L19-28 n.m. AL, US R, DF 181
Mar 25 Reilly L19-33 967 RR, DS R, DF 181
Mar 25 Reilly L19-34 967 RR, DS R, DF 181
Mar 25 Reilly L19-35 967 RR, DS R, DF 181
Apr 16 Reilly L24-2 nm. AR, US R, DF 297
Apr 16 Reilly L24-7 969 RR, DS R, DF 297
Apr 16 Reilly G-875 969 RR, DS R,DF 297
Apr 16 Reilly G-164 967 RR, DS R, DF 297
Sep 29 Reilly L26-14 nm. AV R, DF
Sep 29 Reilly L26-15 nm. AV R, DF
Sep 29 Reilly L26-16 n.m. AR, US R, DF 79
1957 Apr 14 Reilly 1L.28-29 n.m. AL, AC R, DF 249
Apr 14 Reilly L.28-30 n.m. AL AC R, DF 249
May 4 Reilly L29-23 n.m. AR, DS R, DF 521
May 4 Reilly L29-24 nm. AL, DS R, DF 521
May 4 Reilly L29-25 nm. AL, AC R, DF 521
May 4 Reilly L29-26 n.m. AL, AC R, DF 521
May 4 Reilly L29-27 n.m. AR, DS R, DF 521
May 4 Reilly L29-28 nm. AR, AC R, DF 521
Jul 13 Nichols - 2932 RL, DS R, DF 1,982
Jul 13 Beckwith n-17 1586 RL, DS R, DF 1,982
Aug 29 Butchart - nm. RL, AC R, DF 589
1958 Apr 20 Reilly L37-33 nm. AL, AC R, DF 708
Apr 20 Reilly L37-34 nm. AL, AC R, DF 708
Jun1 Reilly LA40-8 969 RR, DS R,DF 3,000
Jun 1 Reilly LA40-10 969 RR, DS R,DF 3,000
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Table 49. Historical photographs of Lava Falls Rapid and the debris fan at the mouth of Prospect
Canyon—Continued

Stake Side, Discharge
Year Date Photographer Orlginal number number direction Subject (m3/s)
Jun 1 Reilly LA40-13 nm. AV R, DF
Jun1 Reilly L40-17 nm. AR, DS R, DF 3,000
Jun1 Reilly 140-20 nm. AR, DS R,DF 3,000
Jul 20 Stavely - 2002 RL, DS R,DF 218
Oct 4 Reilly LA41-18 nm. AL, DS R, DF 187
Oct 4 Reilly LA41-19 nm. AL, DS R, DF 187
Oct 4 Reilly L41-20 nm. AR, US R, DF 187
Oct 4 Reilly G-407 nm. AR, US R,DF 187
Oct 4 Reilly G415 nm, AL, DS R, DF 187
Oct 4 Reilly G417 nm. AR, US R,DF 187
1959 Aug 21 Dodge 8346 967 RR, DS DF 224
1960 Jun 23 Marston 606 GDCN 179.2.19 1585 RL, DS R,DF 1,140
Jun 23 Marston 48832 1587b RL, DS R, DF 1,140
Jun 23 Marston 606 GDCN 179.18.10 1588 RL, DS R,DF 1,140
Jun 23 Marston 606 GDCN 179.2.14 1587a RL, DS R,DF 1,140
Oct 2 Reilly 148-32 n.m. AR, AC R, DF 125
Oct2 Reilly L48-33 nm. AL, AC R, DF 125
Oct2 Reilly 1L48-34 nm. AR, AC R, DF 125
1961 Oct Jones 46 2967 RL, AC R,DF 57
1962 Jul 10 Reilly L58-3 2003 RL, AC R, DF 1,130
Jul 10 Reilly L58-4 2835 RL, DS R, DF 1,130
Nov 3 Reilly L61-2 nm. AR, DS R,DF 225
Nov 3 Reilly L61-4 nm. AL, AC R,DF 225
Nov 3 Reilly L61-5 nm, AL, US R, DF 225
Nov 4 Reilly R74-8 n.m. AL,AC R, DF 225
1963 May Wieland 24 969 LR, DS R,DF 37
Aug 22 Belknap 48822 nm, AL, US R, DF 57
Aug 22 Belknap 48823 nm. AL, US R,DF 57
Aug 24 Belknap 48858 2746 RR, AC R,DF 57
Aug 24 Belknap 48865 2746 RR, AC R,DF 57
Aug 24 Belknap 48824 969 RR, DS R,DF 57
Aug 25 Belknap 48866 803 RR, AC R,DF 57
Sep 25 - 63-9-25 GDCN 17925 1589 RR, DS R, DF 35
Sep 25 - 63-9-25 GDCN 179-28 2005 RR, US R, DF 35
1964 Apr 6 Visbak 34 nm. AV R,DF
Apr 6 Visbak 36 nm. AR, DS R,DF 405
May 12 Reilly L70-32 2044 RL, AC R,DF 348
May 20 Reilly L71-26 nm. AL, US R, DF 37
May 20 Reilly L71-28 nm. AR, DS R, DF 37
May 20 Reilly L71-29 nm. AR, US R, DF 37
May 20 Reilly L71-30 nm. AR, US R, DF 37
May 20 Reilly L71-32 nm. AL, US R, DF 37

MAGNITUDE AND FREQUENCY DATA FOR SPECIFIC TRIBUTARIES 165



Table 49. Historical photographs of Lava Falls Rapid and the debris fan at the mouth of Prospect
Canyon—Continued

Stake Slde, Discharge
Year Date Photographer Orlginal number number direction Subject (m3ls)
May 20 Reilly L71-33 nm. AL, AC R, DF 37
May 20 Reilly L71-34 nm. AL AC R, DF 37
May 20 Reilly L71-36 nm. AR, US R,DF 37
1965 Feb 21 Visbak 16 1592 RR, DS R,DF 198
Feb21 Visbak 24 3050 RR, US R,DF 198
Feb21 Visbak 14 967 RR, DS R, DF 198
Feb 22 Visbak 36 n.m. RR, DS R,DF 198
May 18 WRD - n.m. AV R, DF
May 21 Harris 2 3010 RL, DS R, DF 792
May 21 Harris 3 2836 RL, AC R, DF 792
1966 May 19 Hertzog 6525NA 969 RR, DS R,DF 340
Jul Belknap 83(157) n.m. RR, DS R, DF 198
1967 Apr 30 Harris P557-400-896 2739 RL,AC R, DF 283
Aug Luepke - n.m. RL, DS R, DF --
Aug Luepke - nm. RL, DS R, DF -
1968 Sep 26 Stephens 3515 n.m. RR, US R, DF 283
Sep 26 Stephens 3693 nm. RR, AC R,DF 283
Sep 26 Stephens 3597 2744 RR, DS DF 283
1969 Jul Harris 4 2740b RL, AC R 566-849
Jul Harris 1 2740a RL, AC R 566-849
Sep 14 Marston 69-9-14 GDCN 179-5 nm. RL, DS R, DF
1970 Oct Mooz 16 nm. RL, US R,DF 141-368
1972 - Litton - 2677 RR, AC R,DF 283-424
- Litton - 2962 RR, US R, DF 283424
- Litton - 2963 RR, US R, DF 283-424
1973 Jun 19 USGS 516 WRD nm. AV R, DF
Jun 19 USGS 517 WRD nm. AV R, DF
Jun 19 USGS 518 WRD nm. AV R, DF
1976 Sep 26 Turner 803 803 RR, AC R,DF 99
1977 -- Brown - 2837 RR, US R, DF <85
- Brown - 2907 RR, US R, DF <85
-- Brown - nm. RR, US R, DF <85
1979 Jun 10 Turner 967 967 RR, DS R, DF 227
Jun 10 Tumer 48824 969 RR, DS R, DF 227
1983 Oct 31 Turner 803 803 RR, AC R,DF 765

The movie, titled “Hiking to Lava Falls,” was shot by Dr. Inglesby in 1938 (Utah Historical Society). The movie shows panning shots of
the rapids and close-ups of the waves.

2The movie was shot by Bill Gibson on the Harris-Loper river trip of July 1939.
3The movie was shot by John Daggett and Bill Beer in April 1955.
“These are matches of the Hillers’ photographs of the same number; see Stephens and Shoemaker (1987).
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Table 50. Debrls fans deposited at Lava Falis Rapid (river mlie 179.3) between 1939 and 1963

[(HF), hyperconcentrated flow; (DF), debris flow; Maximum area, determined by projecting non-eroded fan deposits across depositional areas.
Measurements were made with calibrated and rectified aerial photographs using the Map and Image Processing System (MIPS) software; Minimum
area, measurements of non-eroded deposits using the calibrated on-line planimeter within MIPS software (use of trade names does not imply
endorsement by the U.S. Geological Survey); Maximum thickness, field surveys of non-eroded debris flow deposits; Minimum thickness, depth of
debris flow deposits that were required to cover the largest pre-existing boulders at mouth of Prospect Creek; Constriction, constricted river channel
width divided by the average river channel width immediately upstream of the rapid times 100, estimated at an approximate discharge of 142 cubic
meters per second; Reduction in area, is the ratio of the cross-sectional area at the constriction after the debris flow, divided by the cross-sectional
area at the constriction before the debris flow times 100; estimated at a discharge of 142 m3/s; (n.d.), no data; (n.a.), not applicable]

Minimum Average Reduction
Maximum debris debris Maximum Minimum Average River in
Year Maximum Minimum Average debris fan fan debris debris  debris con- cross-
of debris debris debris fan thick- thick- fan fan fan striction sectional
flood fanarea fanarea fanarea thick- ness ness volume volume volume ratio area
(type)  (m?) (m)  (m’) ness(m) (m) (m) my  m)  my (%)
1939 12,500 9,300 11,000 50 2.0 35 62,500 18,600 38,200 nd. nd.
(DF)
1954 4,200 2,700 3,500 2.0 1.2 1.6 8,400 3,200 5,500 n.a. n.a.
(DF)
1955 7,300 6,300 6,800 29 1.2 2.1 21,000 7,600 14,000 30 45
(DF)
1956 2,400 2,400 2,400 1.8 1.2 15 4,300 2900 3,600 n.a. n.a.
(HF)
1963 7,300 5,100 6,200 26 1.2 19 19,000 6,100 11,800 45 42
(DF)

driftwood from the 1963 deposits provided post-
bomb radiocarbon ages of 153.8+1.5 and 141.141.1
PMC, which correspond to calendric date ranges of
AD 1963 or 1969 and AD 1959, 1961, or 1981,
respectively. Finally, driftwood deposited by a
flood in 1993 provided a post-bomb radiocarbon
age of 127.7+1.3 PMC, which corresponds to a
calendric date of AD 1962 or 1974. The
radiocarbon analyses indicate that organic materials
may only rarely be flushed from Prospect Creek.
Both the 1939 and 1955 debris flows transported
wood that was significantly older than the known
date of the transporting debris flow.

Discharge Estimates

We estimated peak discharges for the 1939,
1955, and 1963 debris flows at a single cross
section in a right-hand bend about S0 m upstream
from the Colorado River (cross section A-A, fig.
53). This discharge estimate site has no bedrock
control in the channel, the high-water evidence is

poorly preserved, and the channel geometry for the
1939 and 1955 events was reconstructed from aerial
photography. Therefore, we consider these peak
discharges to be order-of-magnitude estimates.
Comparison of the debris-flow levees deposited on
the inside of the channel bend indicated
superelevation for the debris flows of 1939 and
1963 and runup for the debris flow of 1955. We
estimated a peak discharge of about 1,000 m*/s for
the debris flow of 1939 (table 53), which indicates
this debris flow peak discharge was likely the
largest in Grand Canyon during the last 122 years.
The 1955 and 1963 debris flows, which travelled
through a greatly constricted channel of Prospect
Canyon as a result of deposition by the 1939 debris
flow, had substantially lower peak discharges on
the order of 260 to 340 m?/s (table 53).

Sediment Characteristics

Particle-size distributions were measured for
the levees deposited by the 1939 and 1963 debris
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Figure 55. Hydrographs of the Colorado River during periods of reworking of the aggraded debris fans at Lava Falls
Rapid (river mile 179.3). All hydrographs were measured at the gaging station named “the Colorado River near Grand
Canyon, Arizona,” at river mile 87. A, Hydrograph of 1939 to 1942. B, Hydrograph of 1954 to 1958.
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Figure 55. Continued.

flows, the reworked debris-fan deposit on the left
side of the rapid, and the 1993 hyperconcentrated-
flow deposit. The 1963 debris-flow levee contained
about 11 percent sand-and-finer sediment (fig.
57A). The particle-size distribution (>2 mm) of the
1939 debris flow is similar to that of the 1963
deposit (fig. 57A). Both of these particle-size
distributions contrast greatly when compared to the
reworked debris fan on the left side of the rapid,
which we interpreted as the remnant of the 4 debris
flows (fig. 57A). Most of the reworking occurred
between 1939 and 1965 (fig. 55). In contrast to the
1963 debris flow, the 1993 hyperconcentrated-flow
deposit contained about 28 percent sand-and-finer
sediment (fig. 57A).

A comparison of source distributions for the
undisturbed 1963 debris-flow levee and the
reworked debris fan indicates that whereas most of
the sediment in the 1963 debris flow consisted of
Redwall Limestone, most of the large boulders that
have aggraded the debris fan between 1939 and
1963 were of Quaternary basalt (fig. 57B). Only
about 5 percent of the boulders found on the left side
of the rapid are Redwall Limestone. This provides

1/1/1964

12/31/1964 12/31/1965

another example of how certain lithologies may
dominate debris flows but may not be important in
the formation and stability of rapids. The <16 mm
fraction of the 1963 debris flow was reconstituted
to yield a weight-percent water content of between
11 and 17 percent.

Unnamed Tributary at River Mile
207.8-L

A debris flow that occurred in an unnamed
tributary at river mile 207.8-L in September 1991
caused minor aggradation of an existing debris
fan. The tributary drains 3.09 km? on the south
side of the Colorado River (fig. 58). This tributary
is underlain exclusively by Paleozoic strata,
primarily Redwall and Muav Limestone and
Bright Angel Shale. The tributary channel is steep
and large quantitiecs of colluvium have
accumulated on Muav Limestone and Bright
Angel Shale beneath cliffs of Redwall Limestone.
The Granite Park Fault trends southeast through
the upper reaches of the drainage (Huntoon and
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Figure 56. Continued.

others, 1986). This large fault is down-thrown to the
southwest; it is the dominant geologic structure in
western Grand Canyon.

Sediment Characteristics

Particle-size distributions were determined for
the tributary-reworked surface of the 1991 debris-
fan deposits at site C. An 8.2-kg sample of debris-
flow matrix was collected from a levee in the main
channel at site B, and a 4.5-kg sample of
hyperconcentrated-flow sediment was collected at
site A. The <64 mm fraction of the debris-flow
sample contained 18 percent sand-and-finer
sediment, whereas the hyperconcentrated-flow

sample contained 90 percent sand-and-finer
sediment (fig. 59A). An activity of 0.240.1 pCi/g of
137Cs was measured in one sample of debris-flow
matrix; two additional samples yielded activities of
02940.02 and 0.3140.02 pCi/fg. A source
distribution of the reworked debris fan indicates
that most of the coarse sediment in the 1991 debris
flow was Muav and Redwall Limestones (fig. 59B).
The <16 mm fraction of the debris-flow sample had
a weight-percent water content of 13 to 16 percent.

Discharge Estimates

Two indirect estimates of peak discharge were
made for the 1991 debris flow in the unnamed
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Figure 57. Particle-size and source distributions of various sediment deposits associated with recent debris flows
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Table 51. List of 137Cs actlvities of sediment collected from historic debris-flow deposits near the mouth of

Prospect Canyon (river mile 179.4-L)

Deposit Date Type of sediment Activity of 13’Cs (pClig) Expected resuit

1939 <2 mm 0.08+0.01 no detection
<2 mm 0.0+£0.1 no detection

1955 <2 mm 1.021+0.05 detection; sizeable activity

1963 <0.063 mm 0.2+0.1 detection; sizeable activity
<2 mm 2.4340.11 detection; sizeable activity
<2 mm 0.010.1 detection; sizeable activity
<2 mm 0.0+£0.1 detection; sizeable activity
<2 mm 0.0+0.1 detection; sizeable activity

1993 <2 mm 0.09+0.01 detection

tributary at river mile 207.8-L. The first estimate
was made at site A, where evidence of
superelevated debris flow was preserved in a left-
hand bend in the channel. Using this evidence, we
estimated a peak discharge of 26 m%/s (table 54).

Site B, just downstream from site A, contained
evidence of runup preserved on a bedrock wall in a
90-degree channel bend for a debris flow that
originated in a small, steep side canyon of the main
channel. The debris flow in the side canyon scoured
the channel to the underlying Muav Limestone;

most of the debris-flow activity began in this part of
the drainage. Most of the sediment entrained by the
debris flow came from steep slopes of colluvium
that were eroded during intense precipitation. The
runup at site B consisted of large boulders deposited
on top of a bedrock outcrop at the junction of the
tributary and main channels. Peak discharge for the
debris flow in this side canyon was 190 m?/s (table
55).

Table 52. List of radiocarbon dates of organic materiai collected from historic debris-flow deposits at the mouth

of Prospect Canyon (river mile 179.4-L)

[Debris surface, indicated by year of debris flow, if known exactly; otherwise the surface is designated by letter. BP, years before present (AD 1950).

PMC, percent of modem carbon]

Debris surface Type of organic material Radiocarbon date Calendric date (AD)
Surface F driftwood 485190 yrs BP AD 133010 1454
1939 levee driftwood 460175 yrs BP AD 141010 1473
1955 levee driftwood 365190 yrs BP AD 1436 to 1644
driftwood 190495 yrs BP AD 1640 to0 1955
driftwood 635180 yrs BP AD 1279 to0 1406
1963 levee driftwood 153.8+1.5 PMC AD 1963 or 1969
driftwood 141.1+1.1 PMC AD 1962 or 1974

1993 gravel driftwood 127.7+13 PMC AD 1959, 1961, or 1981
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Volume of the 1991 Debris-Flow Fan Deposit

The volume of the 1991 debris fan (400 m?3)
was estimated using a surveyed area of 400 m2for
the fan deposit and a thickness of 1 m. The volume
of sand-and-finer sediment contained in the debris
fan was about 70 m?3, based on the particle-size
distribution of the debris-fan surface. On the basis
of aerial photographs, the 1991 debris flow was the
first to occur in the unnamed tributary at river mile
207.8-L since 1965.

209-Mile Canyon (River Mile 208.6-R)

209-Mile Canyon (fig. 1) drains 95.46 km? on
the north side of the Colorado River. Interbedded
debris-flow deposits and sands from the Colorado
River were examined in the mouth of this tributary.

We found a piece of wood identified as Arizona
walnut (Juglans microcarpa) embedded in the most
recent debris-flow deposit. The nearest source of
Arizona walnut is probably 5 to 10 km upstream in
209-Mile Canyon, which indicates the wood was
transported in the debris flow. A radiocarbon date
of 285160 yrs BP was obtained on this wood
sample. This date indicates that the most recent
debris flow in 209-Mile Canyon occurred between
AD 1513 to 1658.

UnnamedTributary at River Mile 222.6-L

The unnamed tributary at river mile 222.6-L
drains 0.58 km? on the south side of the Colorado
River in western Grand Canyon (fig. 1). Evidence
of debris-flow activity in the drainage basin

Table 53. indirect peak-discharge estimates for the debris flows of 1939, 1955, and 1963 in Prospect Canyon

(river mile 179.4-L), measured at cross saction A-A’

[Flow-elevation difference, is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given

cross section]

Evidence of peak discharge

Type of estimate procedure used: superelevation in a right-hand bend

Outside high-water mark: continuous line of boulders
Inside high-water mark: continuous scourline and boulders

Visually estimated percentage of channel controlled by bedrock: 0% (alluvial channel)

Supereievation and runup data

Channel slope (S) = 0.093

1939

Radius of curvature (R;) =52 m
Elevation difference (AHs) = 3.0 m
Mean velocity (V) = 6.2 m/s

1955
Elevation difference (AH;) = 0.7 m
Mean velocity (V) =3.7 m/s

1963
Radius of curvature (R;) =48 m

Elevation difference (AH) = 1.5m
Mean velocity (V) = 6.0 m/s

Channel top width (W)=40m

Channel top width (W)=20m

Cross-section data

Discharge, In cubic meters

Cross-gection name Area, in square meters per second Site rating
1939 1169 1,000 Poor
1955 171 260 Poor
1963 157 340 Poor

1Cross sectional area at AH; or AH,
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includes debris-flow levees deposited near the
confluence with the Colorado River. The tributary
is underlain by both Paleozoic and Proterozoic
strata (fig. 3) and is traversed by the southwest-
trending Hurricane Fault (Huntoon and others,
1986).

The frequency of debris flows in this drainage
basin was determined using a combination of repeat
photography and aerial photography. An 1890
photograph, replicated in 1991, documents the
occurrence of one debris flow (fig. 60). The
aggraded debris fan appears in a 1965 aerial
photograph, and analyses of two samples of debris-
flow matrix yielded no detectable activity of *’Cs.
Therefore, the debris flow occurred between 1890
and 1952. Analysis of aerial photography indicates
that the debris flow had occurred by 1965. No aerial
photographs from 1935 are available.

Replication of the 1890 photograph revealed

that the separation bar downstream from the debris
fan at mile 222.6 increased in size after 1890 (fig.
60). The enlarged sand bar also appears in a 1965
aerial photograph. The changes in this sand bar are
probably directly related to the altered geometry of
the aggraded debris fan.

Unnamed Tributary at River Mile 224.5-L

The unnamed tributary at river mile 224.5-L
drains 0.45 km? on the south side of the Colorado
River in western Grand Canyon (fig. 61). The
tributary is underlain by Paleozoic and Precambrian
rocks and is cut by the southwest-trending
Hurricane and Three Springs Faults, which are
parallel along the east side of the Colorado River in
this reach (Huntoon and others, 1986).

The frequency of debris flows in this drainage
is based on repeat and aerial photography and
analysis of *’Cs. The 1890 view, replicated in
February 1991, revealed that a boulder levee was
deposited on the debris fan after 1890 (fig. 62);
none of the boulders visible in the 1890 view could
be identified in 1991. Two samples of sediment
from the debris-flow levee had no detectable
activity of '¥’Cs. Therefore, the debris flow
occurred between 1890 and 1952. The debris flows
at river mile 222.6-L. and 224.5-L may have
occurred during the same storm, but the precise
relation between debris-flow activity in the two

tributaries cannot be determined. Comparison of
1935, 1965, and 1973 aerial photographs reveals no
significant changes in the debris fan. Therefore, the
debris flow in the unnamed tributary at river mile
224.5-L occurred between 1890 and 1935 and is the
only debris flow in this tributary during the last
century.

A particle-size distribution was determined for
1890 to 1935 debris flow. Point-count data
collected from the surface of the debris-flow levee
and sieve data from a 23-kg sample were combined.
The <64 mm fraction of sediment contained 32
percent sand-and-finer sediment and 62 percent
gravel (fig. 63A). The <16 mm fraction was
reconstituted, yielding a weight-percent water
content of 16 to 18 percent. A source distribution
shows that the debris flow consisted mostly of
Redwall Limestone along with lesser amounts of
Muav Limestone (fig. 63B).

Diamond Creek (River Mile 225.8-L)

Diamond Creek (fig. 1) drains 716.74 km?,
most of which is covered by forests and grasslands
on the south side of the Colorado River. Debris
flows in Diamond Creek are an important hazard
because it is used as an access route to the Colorado
River by tourists and thousands of commercial river
runners annually. A debris flow that occurred in
July 1984 has been previously described (Carothers
and Brown, 1991, p. 46-47; Ghiglieri, 1992, p. 270-
276; Webb, in press). The debris flow destroyed
several vehicles including a 2-ton truck used by
commercial river runners and deposited a large
amount of sediment on the debris fan.

We were unable to determine either a peak
discharge or depositional volume for the July 1984
debris flow in Diamond Creek. However, anecdotal
accounts of the flood, recounted by commercial
river guides who witnessed the debris flow, reveal
much about the process of debris flow (Webb, in
press). The initial pulse of debris contained
abundant wood (including trees) along with
boulders and poorly-sorted sediment (Dennis Silva,
oral commun., 1993). Recessional muddy
streamflow continued for several hours after the
initial surge.

According to others, Diamond Creek
experienced several flash floods during the summer
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Table 54. Indirect peak-discharge estimate for the September 1991 debris flow in an unnamed tributary at river

mile 207.8-L, site A
[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]}

Evidence of peak discharge

Type of estimate procedure used: superelevation in a left-hand bend
Outside high-water mark: continuous line of boulders

Inside high-water mark: continuous scourline with damaged plant remains
Visually estimated percentage of channel controlled by bedrock: 25 percent

Supereievation data

Radius of curvature (R) =18 m Channel top width (W) =22 m
Elevation difference (AH,) = 0.7 m Channel slope (S) = 0.093

Mean velocity (V,) =24 m/s
Cross-section data

Thaiweg Hydrauiic Hydrauilc  Fiow-elevation
distance, Area, in square radius, depth, difference, Top width,
Cross-section iocation in meters meters in meters in meters in meters in meters
Downstream 10 11 0.1 0.5 03 21

Q,=26m?s
Site rating for estimating discharge: Poor

Table 55. Indirect peak-discharge estimate for the September 1991 debris fiow In an unnamed tributary at river
mile 207.8-L, site B

[Thalweg distance, was measured for individual cross sections relative to the cross section at which AH; max occurred. Flow-elevation difference,
is the measure of how much the flow elevations differed between channel-right and channel-left margins at any given cross section]

Evidence of peak discharge

Type of estimate procedure used: runup of debris flow onto bedrock outcrop

Channel left high-water mark: continuous scourline and damaged plant remains.
Channel right high-water mark: discontinuous debris levee and damaged plant remains
Runup evidence: boulders deposited on top of bedrock spur

Visually estimated percentage of channel controlled by bedrock: 75 percent

Runup data

Elevation difference =4.1 m Channel slope (S) = 0.093
Mean Velocity (V,) =9.0 m/s

Cross-section data

Thaiweg Hydraulic Hydraulic  Fiow-elevation
distance,  Area, in square radius, depth, difference, Top width,
Cross-section location in meters meters in meters in meters In meters in meters
Upstream 24 21 0.1 1.6 0.8 14

Q,=190m¥s
Site rating for estimating discharge: Good
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of 1984 (Larry Stevens, oral commun., 1994) which
severely limited vehicle access to the Colorado
River. Another debris flow was witnessed during
August 1984, based on an eyewitness account
(George Billingsley, oral commun., 1994).
According to Billingsley, the August debris flow
was initiated during an extremely intense monsoon
thunderstorm over the Diamond Creek drainage
basin, and originated within Blue Mountain
Canyon; it debouched from the top of the Redwall
Limestone as he and others watched it from a
helicopter. The free-falling debris flow caused
extensive scour at the base of the cliff, but it is
unknown whether the flood traveled all the way to
the Colorado as a debris flow, or later transformed
into watery streamflow. We were unable to
determine peak discharge or other attributes of the
August 1984 debris flow.

We used repeat photography to determine
debris-flow frequency in Diamond Creek (table
56). Photographs taken in 1883 by Ben Wittick
provide a long time frame for our analysis (table
56). One of the 1883 photographs shows a debris
fan deposited by a pre-1883 debris flow in Diamond
Creek (fig. 64). We estimated that this deposit
constricted the channel of the Colorado River by
approximately 40 to 50 percent. This debris fan was
probably significantly reworked by an 8,500 m?/s
flood that occurred in the Colorado River in 1884.
No further evidence of debris flow is apparent
between 1883 and 1923, when several photographs
were taken at Diamond Creek (table 56). The pre-
1883 debris fan was completely removed by 1923.
The debris fan of Diamond Creek and the channel
upstream from the confluence apparently did not
change significantly between 1923 and the early
1980s. Replicates of other 1883 photographs made
in Diamond Creek and Peach Springs Wash (a
major tributary in the drainage) show post-1883
debris-flow levees that were deposited in the last
111 years. However, these levees appeared to be
older than the 1984 debris flow. We therefore
conclude that at least one other debris flow must
have occurred in the drainage between 1883 and
1984.

The 1923 photos of the channel of Diamond
Creek near the confluence of Peach Springs Wash
lacked the dense riparian vegetation now present.
This indicates that relatively frequent streamflows
and (or) debris flows occurred before 1923, which

is in accord with other findings that the frequency
of floods in the region was higher around the turn of
the century (Webb and others, 1991). Such large
floods may have obliterated evidence of historic
debris flows downstream from the confluence of
Diamond Creek and Peach Springs Wash.

The 1984 debris flow was probably the largest
to occur since before 1883 in Diamond Creek. On
the basis of the two debris flows which we
documented from historic photographs and the
1984 debris flow which was witnessed, we estimate
a frequency of approximately one debris flow every
35 years. This is in accord with estimates of debris-
flow frequency made elsewhere in western Grand
Canyon. A replicate of an 1883 photograph of the
bottom of Diamond Creek Rapid (appendix 6)
reveals a new, mid-channel debris bar (fig. 65). On
the basis of aerial photographs taken in 1935 and
1989 this debris bar was probably the result of
reworking of the 1984 debris fan. The newly
formed debris bar below Diamond Creek Rapid is
one of the only two new debris bars we observed in
the Colorado River (the other is at mile 62.5).

DISCUSSION AND SUMMARY OF
DATA

Debris flow is an important sediment-transport
process in 529 tributaries of the Colorado River
between Lees Ferry and Diamond Creek (river
miles O to 225) in Grand Canyon, Arizona. An
episodic type of flash flood, debris flows transport
and deposit sediment ranging in size from clay to
boulders into the Colorado River and are one source
of sand downstream from Glen Canyon Dam.
The frequency, magnitude, and particle-size
distributions of historic debris flows are
important data for developing a sediment budget in
Grand Canyon. Debris flows also create and
maintain the debris fans and rapids that control the
hydraulics of the Colorado River; most of the
contributing drainages are small tributaries of low
stream order. In addition, debris fans constrict the
river’s channel, creating areas of flow expansion
downstream from stable debris fans. These
expansions form recirculating eddies, or flow
separation zones, that facilitate the deposition and
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Table 56. Historical photographs showing Diamond Creek Rapid (river miie 225.8) and the debris fan at the

mouth of Diamond Creek (river mile 225.8-L)

[For photographs taken before 1921, the discharge is estimated from known stage-discharge relations at Diamond Creek Rapid. For photographs
taken between 1921 and 1963, discharge is estimated from daily discharge records of the Colorado River near Grand Canyon. After 1963, discharge
is estimated from known stage-discharge relations at Diamond Creek Rapid. These estimates are perhaps accurate to 1,000 135, (AV), vertical
aerial photography; (AL), photograph is an oblique aerial taken from the left side of the river; (AR), photograph is an oblique aerial taken from the
right side of the river; (RL), photograph was shot from river-left; (RR), photograph was shot from river-right; (US), upstream view; (DS),
downstream view; (AC), view across the river; (UC), view looking up the tributary channel or away from the river; (R), view shows a rapid; (DF),
view shows debris fan(s); (SB), view shows sand bar(s); (n.d.), no data; (n.m.), the photograph was analyzed, but not matched]

Original Stake Discharge
Year Date Photographer number number Side Direction Subject (ﬂ3/s)
1883 April 2 Wittick 15496 n.m. RL uUs R,DF nd.
April 2 Wittick 15493 nm. RL uUs SB nd.
April 2 Wittick 15466 2839 RL AC R,DF nd.
April 2 Wittick 15467 n.m. RL US R,DF nd.
April 2 Wittick 15490 2782 RL AC R nd.
April 2 Wittick 15500 2783 RL DS R nd.
1890 Mar 11 Stanton 664 2615 RL uc DF nd.
Mar 11 Stanton 665 2665a RL us DF,SB nd.
Mar 11 Stanton 666 2665b RL DS DF nd.
1900 nd. James nd. nm. RL us DF nd.
1902 nd. Darton 910 723a RL DS DESB nd.
nd. Darton 911 723b RL us R,DESB nd.
1909 Nov 12 Cogswell 1245 n.m. RL DS R,DF nd.
1923 Sep22 LaRue 675 805 RL uUs R,DESB nd.
Oct 6 LaRue 677 2671 RL uc DF nd.
Oct 6 LaRue 678 2670 RL uc DF nd.
Oct 6 LaRue 684 2668 RL ucC SB nd.
Oct 6 LaRue 685 2669 RL uc DF,SB nd.
1935 Nov Maxon 176 nm. AV AV R,DESB ~6,000
1976 Sep 29 Tumer 805 805 RL us R,DESB nd.
1983 Nov2 Turner 805 805 RL us R,DESB nd.
1984 nd. GCES nd. nm. AV AV R,DESB ~5,000

storage of fine sediment along the river in sand bars,
also called beaches.

Most of the debris flows that reached the
Colorado River in the last century occurred in
Marble Canyon and eastern Grand Canyon (fig.
66). Western Grand Canyon had comparatively
fewer debris flows during the last century; the
notable exception is Prospect Canyon, where 4
debris flows occurred between 1939 and 1963.
Numerous factors influence the probability that
tributaries will produce debris flows. Variability of
regional and local climate, particularly in the warm
season (between June and October), affects the
probability of high-intensity precipitation, one of

two causes of debris-flow initiation. Furthermore,
drainages of western Grand Canyon are generally
drier than those in the vicinity of the Kaibab
Plateau; therefore, the frequency of debris flows
should be lower in western Grand Canyon.
However, the clustering of debris flows (fig. 66)
may be, in part, a consequence of our short period
of record for debris flows in Grand Canyon. Other
factors that may influence the magnitude and
frequency of debris flows are the shape and area of
drainage basins; total relief; the dominant aspect, or
orientation, of the drainage; and local orographic
effects that increase the intensity and duration of
precipitation. Local and regional geologic structure,
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Figure 63. Particle-size and source distributions of a sediment deposit associated with a debris flow that occurred
between 1890 and 1965 in an unnamed tributary of the Colorado River at river mile 224.5-L. A, Particle-size distri-
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of an undisturbed debris-flow levee deposited by the debris flow that occurred between 1890 and 1965.
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such as large faults and folds, increase the
abundance and distribution of source sediment,
such as colluvium.

Debris flows are initiated by bedrock and
colluvial slope failures that occur during intense
rainfall. The intensity of rainfall required to initiate
debris flows in Grand Canyon is unknown, but
sparse data suggest that a sustained intensity of over
20 mm/hr and a total rainfall of 25 to 50 mm may be
required. Three different types of storms have
initiated debris flows in Grand Canyon. Convective
thunderstorms occur mainly in summer, frontal
storms occur mainly in winter, and dissipating
tropical cyclones occur during the summer or fall
months. The peak discharges of debris flows are
related to the triggering storm type (fig. 67). In
general, convective thunderstorms cause most
debris flows in Grand Canyon, although most have
low to moderate peak discharges. In contrast,
dissipating tropical cyclones and frontal storms
generally initiate moderate to large debris flows.
Few data exist for debris flows triggered by tropical
cyclones and frontal storms owing to their
infrequency.

We have documented three types of debris-
flow initiation mechanisms in Grand Canyon (fig.
68). These mechanisms are: 1) slope failures that
occur in exposures of weathered bedrock, typically
Hermit Shale and Supai Group Formations; 2)
failures in colluvial wedges caused by water
cascading over cliffs (the fire-hose effect); and 3)
classic hillslope failures in colluvium caused by
intense precipitation. In addition, combinations of
these three types of failures may also occur, and
often complicate interpretations of debris-flow
initiation scenarios. Multiple source areas
combined with extreme topographic relief often
result in complex scenarios of debris-flow initiation
in Grand Canyon. The most common initiation
mechanism in Grand Canyon is the fire-hose effect,
occurring mainly on slopes termed colluvial
wedges below cliffs of Redwall Limestone (fig.
68). With the exception of debris flows in Prospect
Canyon, where fire-hose effects are uniquely
related to the basins geology, the largest debris
flows generally have been caused by combinations
of failures in colluvium and weathered bedrock.

Typically, as is the case with most highly-
sediment laden floods, debris flows in Grand
Canyon are very-poorly sorted with particles

ranging in size from clay to boulders. The most
common clay minerals in debris flows are micas
and kaolinite (table 9); kaolinite is a single-layer,
non-swelling clay. Smectites, a group of multilayer
clays that includes montmorillonite, have been
detected in only one Grand Canyon debris flow (18-
Mile Wash). Kaolinite has properties that may
facilitate the initiation of debris flows (Pierson and
Costa, 1987). The presence of kaolinite in Grand
Canyon strata, as opposed 1o smectites, may be a
major reason why debris flows occur in Grand
Canyon.

Previous research yielded a general estimate of
20 10 30 years for the average recurrence interval of
debris flows in Grand Canyon (Webb and others,
1989). Estimation of the frequency of debris flows
is difficult because of the physical nature of debris
flow, the isolated nature of the study area, and the
lack of low-level aerial photography before 1935
and between 1935 and 1965. Interpretation of
1,107 historical photographs spanning 120 years,
supplemented with oblique and vertical aerial
photography taken after 1935, indicates that the
recurrence of debris flows ranges from one debris
flow every 10 to 15 years in certain tributaries, to
less than 1 debris flow per century in other
drainages. On average, debris flows may recur
approximately every 30 to 50 years for any given
tributary. Tributaries in eastem Grand Canyon
appear to have a higher frequency of debris flows
than those in western Grand Canyon, at least during
the 20th century.

Debris flows appear to cluster in time within
tributaries having a high debris-flow activity. In
Prospect Canyon, four debris flows and one
hyperconcentrated flow occurred between 1939 and
1963%; no debris flows occurred in 1872 to 1939 or
1963 10 1993. In 75-Mile Canyon, no debris flows
reached the Colorado River between 1935 and
1987, but two debris flows occurred between 1987
and 1990. This clustering suggests that initially
debris flows destabilize the hillslopes and channels
in the tributary, which then yield a higher frequency
of debris flows until sediment sources are stabilized
or exhausted.

We used 3Cs activity in fine-grained
sediments and radiocarbon analysis to date debris

1. After preparation of this manuscript, a fifth debris flow
was identified that occurred in December 1966.
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DISCUSSION AND SUMMARY OF DATA 195



Table 57. Relation of peak-discharge estimates of debris flows made using cross-sectional areas measured at
the point of maximum superelevation to estimates made using average cross-sectional areas measured
upstream and (or) downstream

[Location, includes only sites where both the superelevated, upstream, and (or) downstream cross-sectional areas were measured; mean velocities;
determined from superelevation evidence, as reported in tables in this report; peak discharge, refers to the cross-sectional area at the superelevation
multiplied by the mean velocity; average area, equals the mean of all cross-sectional areas except the superelevated cross section; mean peak-
discharge, equals the velocity estimated at the point of superclevation multiplied by the average of cross-sectional areas measured up and (or)
downstream of the superelevated cross section]

Mean of upstream Mean peak-
Mean velocity, in  Area at or near  Peak discharge, and (or) downstream discharge, in
Location of the meters per supereievation, in cubic meters cross-sectional areas, cubic meters per
flood second in square meters per second in square meters second
62.6-R 3.8 42 160 30 110
Site A
62.6-R 5.1 146 740 53 270
Site B
62.6-R 6.5 54 350 51 330
Site D
62.6-R 53 81 430 77 400
Site E
68.5-L 45 110 490 61 270
Site A
70.9-L 94 21 200 30 280
Site A
71.2-R 39 111 430 130 500
Site A
72.1-R 6.1 16 98 6 37
Site B
72.1-R 57 86 490 41 230
Site C
75.5-L 3.6 25 90 16 58
Site A
75.5-L 43 20 90 14 60
Site F
75.5-L 6.1 116 710 43 260
Site A
75.5-L 4.8 31 150 20 100
Site H
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Table 57. Relation of peak-discharge estimates of debris flows made using cross-saectional areas measured at
the point of maximum superelevation to estimates made using average cross-sectional areas measured
upstream and (or) downstream—Continued

Mean of upstream Mean peak-
Mean velocity,in  Area at or near  Peak discharge, and (or) downstream discharge, in
Location of the meters per superelevation, In cubic meters cross-sectional areas,  cublc meters per
fiood second in square meters per second In square meters second
75.5-L 6.5 30 190 39 250
Site I
122.7-L 6.1 80 490 60 370
Site A
1269-L 5.2 27 140 35 180
Site A
127.6-L 6.4 180 1,100 65 420
Site A
127.6-L 6.9 81 560 48 330
Site B
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Figure 71. Peak velocity of debris flows as a function of channel slope calculated using superelevation and runup
evidence for recent debris flows in Grand Canyon.
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Table 58. Estimated volumes of debris-flow sediment recently deposited at debris fans in Grand Canyon
[Areas and volumes of debris fan deposits estimated above the approximate stage of 142 m3/s in the Colorado River. Depth of debris determined
from excavated test pits; sand volumes, estimated from panticle-size distributions; peak discharge, estimated from superelevation and (or) runup
evidence]

Area of debris- Estimated depth of Total volume of Peak-discharge,
Location and year of fan deposit, debris-fan deposit, debris fan, in Sand volume, in cubic meters
historic debris flow in square meters in meters cubic meters in cubic meters per second
62.6R 700 1.7 1,200 160 300
(1990)
68.5L 3,000 20 5,900 1,200 300
(1993)
70.9L 13,100 03 3,900 1,600 200
(1993)
71.2R 4,800 15 7,200 3,400 500
(1984)
72.1R 3,000 15 4,500 2,000 100 to 200
(1984)
75.5L 10,000 12 12,000 1,300 100 to 300
(1990)
93.5L 14,600 11.5 16,800 12,400 1110
(1984)
98.2R 225,000 23.0 275,000 1,211,000 1300
(1966)
127.3L 1,600 53 8,500 1,700 300
(1989)
127.6L 2,500 2.0 5,000 700 200-400
(1989)
157.8R 3,400 4.0 10,000 to 13,000 2,500 to 5,000 Unknown
(1993)
160.8R 4,100 3.0 8,000 to 12,000 2,000 to 3,000 Unknown
(1993)
207.8L 400 1.0 400 100 200
(1991)

Data from Webb and others, 1989.

2Estimau:d, based on the reworked size of the debris-fan deposit as it existed in 1992, and typical relations between river-reworked debris
fans and non-reworked debris-flow deposits.

flows. To estimate the accuracy of our techniques, to equivocally distinguish debris flows into the age
we applied both methods to debris flows of known  ranees of pre- and post-1952 (fig. 69). With the
age to determine the association of the datable
material with the year of the debris flow. Analysis
of B¥7Cs activity in fine-grained sediments appears  flows in Prospect Creek, pre-1952 debris flows had

exception of sediments deposited during debris
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Figure 72. The relation of total volume of debris-flow deposits on debris fans to the total drainage area of the tributary
for debris flows initiated by different storm types in Grand Canyon between 1939 and 1994.

no detectable activity of 1¥’Cs in the interior of the
deposit (depths > 0.20 m). In contrast, most debris
flows that occurred after 1952 had detectable
activities (fig. 69). Debris flows initiated in
weathered bedrock failures, such as the Crystal
Creek debris flow of 1966, may not have detectable
¥1Cs activities because the human-made isotope
was not in the bedrock source material. However,
debris flows initiated in fine-grained sediments by
fire-hose effects can be classified as pre- or post-
1952 using '¥Cs.

Radiocarbon analysis was used to test the
relation between organic debris and the transporting
debris flow. For Prospect Canyon, the age of
driftwood was not closely related to the date of the
debris flow for three events (table 52). In several
cases, driftwood was 500 years older than the flood.
A better correlation was obtained using post-bomb
14C analysis of debris flows that occurred after 1950
(fig. 70). In two cases, the radiocarbon dates agree
with the year of the associated debris flow; in
several cases, the dates were within one year of the
transporting flow. In other cases, the organic

material was killed many years before the debris
flow. The residence time of organic material in
tributaries of the Colorado River is on the order of
decades to hundreds of years, depending on the type
of material (wood as opposed to fine-grained
organics).

Peak discharges were estimated in 18 drainages
for debris flows that occurred between 1939 and
1994 in Grand Canyon. Typically, discharges of
recent debris flows ranged from about 100 to 300
m¥/s (fig. 67). The largest in the last century in
Grand Canyon, which occurred in Prospect Creek
(river mile 179.4-L), had a peak discharge of about
1,000 m%s. Estimates for peak discharges made at
superelevation sites can vary significantly
depending on where cross-sectional areas were
measured within reaches (table 57). This finding is
similar to that of Webb and others (1989) and
emphasizes the importance of careful selection of
cross sections for estimating peak discharges.
However, the extent that estimates of velocity made
using superelevation or runup evidence accurately

DISCUSSION AND SUMMARY OF DATA 199



100,000 T T | | T

- n=14
=
(@] A
™
@ o, 80,000 -
o o
My
=
S 4 60,000 - .
2o
Om
= A
wO 40,000 a =
Oz
L
=
4 20,000 |- -
Q A
> A

A A A
0 A 2 “A 1 | 1 l

0 200 400 600 goo 1,000 1,200
PEAK DISCHARGE, IN CUBIC METERS PER SECOND

Figure 73. The relation of volume of sediment deposited on debris fans to the peak discharge of the debris flow for
recent events in Grand Canyon between 1939 and 1994.

— 70 T T T T I
=
G eof .
Q 60
w
o N .
= 50 .
Q L J
S 4o ¢ -
= L J
= 30[ -
& .
‘_
Z 201 . . 7
3] $
2 10 ¢ o -
<
w

0 | 1 | | |

0 200 400 600 800 1000 1200

PEAK DISCHARGE, IN CUBIC METERS PER SECOND

Flgure 74. The relation of peak discharge to weight percent sand content for debris flows in Grand Canyon between
1939 and 1994.
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Table 59. Percent sand content of some recent debris-flow deposits In Grand Canyon

Tributary

Year of occurrence Sand content (percent)

“18-Mile Wash” (18.0-L)
Unnamed tributary at mile 19.9-L
Unnamed tributary at mile 62.5-R
“Crash Canyon” (mile 62.6-R)
Unnamed tributary at mile 63.3-R
Lava Canyon (65.5-R)

Tanner Canyon (68.5-L)

Cardenas Creek (70.9-L)
Unnamed tributary at mile 71.2-R
Unnamed tributary at mile 72.1-R
75-Mile Creek (75.5-L)

75-Mile Creek (75.5-L)
Monument Creek (93.5-L)

Crystal Creek (98.2-R)

Unnamed tributary at mile 126.9-L
Unnamed tributary at mile 127.3-L
“127.6-Mile Canyon” (mile 127.6-L)
Unnamed tributary at mile 157.6-R
Unnamed tributary at mile 160.8-R
Prospect Canyon (179.4-L)
Unnamed tributary at mile 207.8-L
Unnamed tributary at mile 224.5-L

1987 15
1987 46
1990 13
1990 13
1990 2010 25
1966 301035
1993 2510 35
1993 13041
1984 47
1984 45
1987 22
1990 4
1984 130 10 40
1966 10w 15
1989 3
1989 27
1989 15
1993 2510 35
1993 25
1963 7
1991 6
1890-1935 11

1Data from Webb and others, 1989.

reflect the mechanics of flowing debris is an
unresolved problem. Debris-flow velocity is not
clearly related to channel slope at either
superelevation or runup sites (fig. 71).

Debris flows deliver significant volumes of
sediment to the Colorado River (table 58). The total
volume of sediment delivered to the river channel
appears 10 be related to drainage area and storm
type (fig. 72). Historic debris flows initiated during
winter frontal storms and autumn dissipating
tropical cyclones deposited larger volumes of
material on debris fans than did debris flows
initiated by summer convective thunderstorms.
However, the total volume of sediment-transported
to the river is poorly related to the peak discharge of
debris flows (fig. 73).

Extended periods of recessional flow, lasting
up to several hours, typically erode fresh looking
debris-flow deposits and obscure evidence of the
debris-flow process. Reworking by recessional
flow greatly complicates studies of debris flow

processes. Large debris flows that occurred before
closure of Glen Canyon Dam deposited large
volumes of debris in the river, but most of that
sediment finer than boulders was removed from
debris fans by river floods. This ongoing interaction
between tributaries and the river results in
accumulations of boulders that form rapids. Since
1963, reworking has been limited by dam releases.
Hence, comparatively small debris flows now have
a greater impact on the channel of the Colorado
River; post-dam debris flows are progressively
constricting the rivers channel at many locations
and aggrading rapids with sediment finer than
boulders. As a result, debris-flow deposits that bury
or erode sand bars cannot be eroded from debris
fans. In order to redeposit sand bars in their former
locations, higher dam releases are required to
inundate and (or) rework aggraded debris fans.

Debris flows in Grand Canyon transport very
poorly sorted sediment. The deposits generally
contain between 15 and 30 percent sand, but the
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variability of sand content is large among sites
(table 59). The sand content of debris flows is
poorly related to the peak discharge (fig. 74).
Reconstitution of debris-flow samples indicates
that most debris flows have a water content of 10-
to 25 percent by weight. Owing to the infrequency
of debris flows, sand input to the river from these
floods is comparatively small relative to the input
from periodic floods in the Paria and Little
Colorado Rivers. Debris flows commonly transport
large boulders weighing 100- to 300 Mg to the
Colorado River. Several recent debris flows have
created new rapids and (or) have enlarged existing
ones (table 2; and appendix 1). These boulders
constrict the river and increase the volume of
channel-stored sediment in low velocity pools
above rapids; aggraded debris fans increase the
damming effect at rapids and decrease the flow
velocities immediately upstream from the rapid.

Debris flows can directly and indirectly affect
the stability of sand bars deposited in recirculation
zones. Debris flows also directly affect sand bars
(primarily separation bars) through burial and (or)
erosion. Such effects have been observed in relation
to several debris flows, including the debris flow of
July 1987 in “18-Mile Wash” (river mile 18.0-L),
the debris flow of September 1989 in “127.6-Mile
Canyon”; the debris flow of September 1990 at
“Crash Canyon” (river mile 62.6-R); and the debris
flows of August 1993 at river miles 157.6-R and
160.8-R. Flow patterns in recirculation zones can
change as a result of increased constriction, as
demonstrated by the effects of the debris flow of
September 1989 at “127.6-Mile Canyon”. These
changes may change the form of (or eliminate)
reattachment bars. In addition, debris flows control
geomorphic characteristics of the river corridor,
influencing the preferred habitat of certain
endangered fish species, such as the Humpback
Chub (Gila cyphus) (Dr. Richard Valdez, oral
commun., Bio/West Inc., 1994; use of trade names
does not imply endorsement by the U.S. Geological
Survey).

Operation of Glen Canyon Dam between 1963
and 1994 has greatly diminished the competence of
the Colorado River to rework debris-fan deposits
and redeposit sand bars on debris fans that have
been buried or eroded. This is clearly demonstrated
by the sharp contrasts in particle-size data presented
in this report for reworked, partially-reworked, and

undisturbed debris fans deposited in the pre- and
post-dam eras. Future debris flows and streamflow
floods will continue to erode sand bars, reducing
this resource along the river corridor.
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Appendix 1. Locations of recent, observed streamflow floods and debris flows in

Grand Canyon (modified from Webb and others, 1989)

[These changes in the geomorphology of the river are reported from river-runners, in historical accounts (e.g., Cooley and others, 1977), or from

aerial photographs taken between 1935 and 1994. No data from repeat photography or stratigraphic analysis is included here. Type of change, type
of changes and (or) process that caused the change(s). Confidence, a confidence rating of (1) indicates a change or event occurred; a rating of (2)
indicates that though a change or event probably occurred, the evidence is not strong; a rating of (3) indicates little confidence in the reponted change;
(-), indicates that the tributary is unnamed]

l:!‘%:r Side Tributary name Type of change Year Confidence
57 R  Seven Mile Draw Debris-flow deposits 1987 1
7.0 L E-area Rockfall deposits 1970 1
79 R  Badger Canyon River or tributary-channel changes 21973-84 1
112 R Soap Creek River or tributary-channel changes 21973-84 1

11.2 R Soap Creek Streamflow flood 1987 1

11.8 L  Salt Water Wash River or tributary-channel changes 21935-65 2

118 L  Salt Water Wash River or tributary-channel changes 21973-84 2

16.8 R  House Rock Wash Debris-flow deposits 21966-73 2

174 L  “Redneck Rapid” Rockfall deposits 21973-74 1

18.0 L  “18 Mile Wash” Debris-flow deposits 1987 1

19.1 L  Unnamed tributary Debris-flow deposits 1987 1

19.9 L  Unnamed tributary Debris-flow deposits 1987 1

24.0 L  Unnamed wibutary Debris-flow deposits 1989 1

242 L  Unnamed tributary Debris-flow deposits 1989 1

244 L Sheep Spring Wash Debris-flow deposits 1989 1

24.7 L Unnamed tributary Streamflow flood 1989 1

26.7 L Unnamed tributary Debris flow 1974 1

26.8 R Unnamed chute 1Rockfall deposits 1975 1

302 L  Unnamed tributary Hyperconcentrated-flow deposits 1989 1

30.2 L  Unnamed tributary Hyperconcentrated-flow deposits 1990 1

30.2 R Unnamed tributary Debris-flow deposits 1989 1

30.5 R Unnamed tributary Debris-flow deposits 1989 1

31.6 R South Canyon River or tributary-channel changes 21965-73 2

35.6 L  Unnamed wibutary Debris fan changes 21973-84 1

374 L  Tatahatso Wash Rockfall deposits 1977 1

374 L  Tatahatso Wash River or tributary-channel changes 21973-84 2

41.0 R Buck Farm Canyon Debris-flow deposits 1981-83 1

1.3 R “Bert’s Canyon” River or wibutary-channel changes 21973-84 2

432 L  Tatahoysa Wash Debris-flow deposits 1983 1

43.7 L  Unnamed tributary Debris-flow deposits 1983 1

44.1 L E-area Debris fan changes 1983 1

44.6 L  Unnamed tributary Debris fan changes 1983 1

448 L  Unnamed tributary Debris fan changes 1983 1

522 R Nankoweap Canyon  Channel change 2193565 1

522 R  Nankoweap Canyon Streamflow flood-channel change 1966 1

522 R Nankoweap Canyon River or tributary-channel changes 21973-84 1

522 R Nankoweap Canyon Flood 1995 1
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Appendix 1. Locations of recent, observed streamflow floods and debris flows in Grand Canyon (modified
from Webb and others, 1989)—Continued

F:rln\i’lir Side Tributary name Type of change Year Confidence
62.2 R  Unnamed tributary Debris-flow deposits 1990 1
62.5 R  Unnamed tributary Debris-flow deposits 1990 1
62.6 R “Crash Canyon” Debris-flow deposits 1990 1
63.0 L Unnamed tributary Debris-flow deposits 1990 1
63.3 R Unnamed tributary Debris-flow deposits 1990 1
64.5 . Unnamed tributary Debris-flow deposits 1990 1
65.3 L Unnamed tributary Hyperconcentrated-flow deposits 1990 1
65.5 L. Palisades Creek 1Debris-flow deposits 21965-73 1
65.5 L  Palisades Creek River or tributary-channel changes 21973-84 1
65.5 L  Palisades Creek Debris-flow deposits 1987 1
65.5 L  Palisades Creek Hyperconcentrated-flow deposits 1990 1
65.5 R  LavaCanyon Debris-flow deposits 1966 1
65.5 R LavaCanyon Debris-flow deposits 21973-84 1
65.5 R  LavaCanyon Flood deposits 1995 1
66.3 R Unnamed tributary Debris fan changes 21965-84 1
66.3 L Unnamed tributary River or tributary-channel changes 21965-73 1
66.8 L  Espejo Creek Debris fan changes 21973-84 1
67.2 L Comanche Creek Debris fan changes 21973-84 1
67.8 L Unnamed tributary Debris fan changes 21973-84 1
68.0 L Unnamed tributary Debris fan changes 21973-84 1
68.5 L Tanner Canyon Debris-flow deposits 1993 1
69.6 R  Basalt Canyon IStreamflow flood 1983 1
70.0 R  E-area Debris fan changes 21973-84 1
70.2 R E-area Debris fan changes 21965-84 1
70.3 R Unnamed tributary Debris fan changes 21965-84 1
70.4 L  E-area Debris fan changes 21973-84 1
70.5 L E-area Debris fan changes 21973-84 1
70.7 L Unnamed tributary Debris fan changes 21973-84 1
70.9 L  Cardenas Creek Debris-flow deposits 1984 1
70.9 L Cardenas Creek Debris-flow deposits 1993 1
70.9 R  Unnamed tributary Debris fan changes 21973-84 2
71.1 R  E-area Debris fan changes 21965-84 1
71.2 R  Unnamed tributary Debris-flow deposits 1984 1
71.8 R  E-area Debris fan changes 21973-84 1
72.1 R Unnamed tributary Debris-flow deposits 1984 1
72.6 R Unkar Creek Streamflow flood 1966 1
72.6 R Unkar Creek River or tributary-channel changes 21973-84 1
73.3 L. Unnamed tributary River or tributary-channel changes 21965-84 2
73.5 L  E-area Debris fan changes 21973-84 1
73.7 R  E-area Debris fan changes 21973-84 1
739 R Unnamed tributary Debris fan changes 21973-84 1
74.5 R Unnamed tributary Debris fan changes 21965-84 2
75.0 L  Escalante Creek Debris fan changes 21973-84 1
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Appendix 1. Locations of recent, observed streamflow floods and debris fiows in Grand Canyon (modified
from Webb and others, 1989)—Continued

River

mile Side Tributary name Type of change Year Confidence
755 L  75-Mile Creek Debris-flow deposits 1987 1
755 L  75-Mile Creek Debris-flow deposits 1990 1
76.0 L  Papago Creek Streamflow flood 1987 1
76.7 L  RedCanyon River or tributary-channel changes 21973-84 2
78.7 L Hance Creek Debris-flow deposits 1983 1
84.1 R  Clear Creek Streamflow flood 1966 1
87.8 R  Bright Angel Creek Large streamflow flood 1966 1
87.8 R Bright Angel Creek 1 Debris-flow deposits 1966 1
87.8 R Bright Angel Creek River or tributary-channel changes 21973-84 1
87.8 R  Bright Angel Creek Flood and(or) debris flow 1995 1
889 L  Pipe Creek River or tributary-channel changes 21973-84 2
91.5 R Trinity Creek Streamflow flood or debris flow 1985 1
92.2 L E-area River or tributary-channel changes 21973-84 2
92.7 L  SaltCreek River or tributary-channel changes 21973-84 2
93.5 L  Monument Creek IDebris-flow deposits 1984 1
93.5 L  Monument Creek Flood 1995 1
95.0 L  Hermit Creek Streamflow flood 1992 1
96.7 L  Boucher Creek River or tributary-charmel changes 21973-84 2
96.9 L E-area River or tributary-channel changes 21973-84 3
98.2 R Crystal Creek I Debris-flow deposits, and later river- 1966 and 1
reworking of 1666 deposits 21973-86 1
98.2 R Crystal Creek Debris flow and flood 1995 1
99.3 R TunaCreek Streamflow flood 1966 1
100.6 L  Agate Canyon River or tributary-channel changes 21973-84 1
102.0 L  Turquoise Canyon River or tributary-channel changes 21973-84 2
107.6 L  Bass Canyon Streamflow flood 1989 1
108.6 R Shinumo Creek River or tributary-channel changes 21973-84 2
108.6 R Shinumo Creek Streamflow flood 1989 1
108.6 R Shinumo Creek Flood 1995 1
115.5 R Unnamed wributary River or tributary-channel changes 1985 1
116.5 L  Royal Arch Creek Debris-flow deposits 1985 1
119.0 R 119 Mile Creek River or tributary-channel changes 21973-84 1
121.7 L  Unnamed tributary River or tributary-channel changes 21973-84 1
1223 L  Unnamed tributary River or tributary-channel changes 21973-84 1
122.7 L  Forster Canyon IRiver or tributary-channel changes 21973-84 1
1227 L  Forster Canyon IDebris-flow deposits 1991 1
123.6 L  Unnamed wibutary New debris fan 1989 1
125.0 L  Fossil Canyon 1Debris flow and streamflow flood 1989 1
126.9 L  Unnamed tributary Debris-flow deposits 1989 1
127.2 R Unnamed tributary Hyperconcentrated-flow deposits 1989 1
1273 L  Unnamed tributary Debris-flow deposits 1989 1
127.5 R Unnamed tributary Hyperconcentrated-flow deposits 1989 1
127.6 L  “127.6 Mile Canyon” ! Debris-flow deposits 1989 1
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Appendix 1. Locations of recent, observed streamflow floods and debris flows in Grand Canyon (modified
from Webb and others, 1989)—Continued

River

mile Slde Tributary name Type of change Year Confldence
1279 R Unnamed tributary Debris-flow deposits 1989 1
128.5 R 128-Mile Creek River or tributary-channel changes 21973-84 1
129.0 L Specter Chasm River or tributary-channel changes 21973-84 1
129.0 L Specter Chasm IDebris-flow deposits 1989 1
1305 R Bedrock Canyon IDebris-flow deposilts 1989 1
1319 R Stone Creek River or tributary-channel changes 21973-84 2
132.0 L  E-area INew debris fan 21872-68 1
133.8 R Tapeats Creek IDebris-flow deposits 1961 1
133.8 R Tapeats Creek Streamflow flood 1975 1
133.8 R Tapeats Creek Streamflow flood 1984 1
136.2 R Deer Creek Debris-flow deposits 1985 1
136.2 R Deer Creek Streamflow flood 1988 1
137.2 R  E-aea Debris-flow deposits 21973-84 1
143.5 R Kanab Creek 1L arge streamflow flood 1883 1
1435 R Kanab Creck ILarge streamflow flood 1909 1
1435 R Kanab Creek River or tributary-channel changes 21973-84 1
143.5 R Kanab Creek Streamflow flood 1988 1
1435 R Kanab Creek Streamflow flood 1991 1
1479 L  Matkatamiba Canyon Streamflow flood 1989 1
156.8 L  Havasu Creek 1Streamflow flood 1911 1
156.8 L Havasu Creek IStreamflow flood 1918 1
156.8 R Havasu Creek Streamflow flood 1920 1
156.8 L Havasu Creek 1§ireamflow flood 1990 1
156.8 L Havasu Creek Streamflow flood 1993 1
157.6 R Unnamed tributary Debris-flow deposits 1993 1
160.8 R Unnamed tributary Debris-flow deposits 1993 1
166.4 L National Canyon River or tributary-channel changes 1984 1
168.0 R Femn Glen Canyon River or tributary-channel changes 21973-84 2
1744 R Cove Canyon River or tributary-channel changes 21973-84 1
176.4 R  Saddle Horse Canyon River or tributary-channel changes 21973-84 1
178.1 L  E-area Debris-flow deposits 21973.84 1
1794 L Prospect Canyon Debris flows, hygerconcemrated flow, 1939, 54, 55, 56, 1
and streamflow floods 63, 66,93,95
181.3 R E-area Debris-flow deposits 1973 1
198.5 R Parashant Wash Streamflow flood 1993 1
1985 R Parashant Wash Streamflow flood 1995 1
2024 R Unnamed tributary Debris-flow deposits 21973-84 2
202.5 R Unnamed tributary Debris-flow deposits 21973-84 1
204.0 R Unnamed tributary Debris-flow deposits 21973-84 3
204.2 L Unnamed tributary River or tributary-channel changes 21973-84 2
205.5 L 205-Mile Canyon IRiver or tributary-channel changes 1983 1
207.8 L  Unnamed tributary River or tributary-channel changes 21973-84 3
207.8 L Unnamed tributary Debris-flow deposits 1991 1
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Appendix 1. Locations of recent, observed streamflow floods and debris flows in Grand Canyon (modified
from Webb and others, 1989)—Continued

River

mile Side Tributary name Type of change Year Confidence
208.6 L  Unnamed wuibutary Debris-flow deposits 1991 1
208.6 R 209-mile Flood 1995 1
208.6 L  Granite Park Canyon Flood 1995 1
209.0 R E-area Rockfall deposits 21978-19 1
2115 R  Fall Canyon River or tributary-channel changes 21973-84 1
220.0 R 220 Mile Canyon River or tributary-channel changes 1984 1
2258 L  Diamond Creek Debris flow and later floods 1984-1986 1
225.8 L  Diamond Creck Flood 1995 1

1 A major change occurred at the site owing to a debris flow or astreamflow flood; determinations of geomor-
phic change are somewhat subjective.

2Exact year of the flood is uncertain.
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado
River in Grand Canyon that produce debris flows

[Tributary name, is taken from U.S. Geological Survey 7.5-minute quadrangle maps; informal names are given in quotations. Digitaized drainage
area, was measured from 1:24,000 scale quadrangle maps. Rapid name, is usually taken from Stevens (1990); rapids not included are Nixon Rock
(99.9), Kanab (143.5), Havasu (156.8), and Lower Lava Falls (179.7); informal rapid names are given in quotations. Rapid rating, is given for the
rapid at a discharge of approximately 283 m3/s. Water-surface fall, is converted to metric units from U.S. Geological Survey data collected in 1923
and adjusted to a discharge of approximately 283 m3/s. 7.5-minute quadrangle name, U.S. Geological Survey 7.5-minute quadrangle map on which
tributary juncture with Colorado River occurs. (UR), indicates an unnamed riffle. (-), indicates no data, that tributary is unnamed, or that no riffle
or rapid exist at the site]

River Dralnage Rapld s‘:lvr?a‘ge 7.5-minute
Miie Side Tributary name area (kmz) Rapid name rating falil(m) quadrangie name
START OF REACH 1, MILE 0.0
22 L - 2.53 - - - Lee’s Ferry
22 R - 7.1 - - - Lee’s Ferry
28 R Cathedral Wash 17.27 UR - - Lee’s Ferry
34 L - 5.26 - - - Navajo Bridge
35 L - 0.61 - - - Navajo Bridge
39 L - 4.29 - - - Navajo Bridge
4.5 L - 5.87 - - - Navajo Bridge
5.1 L  “5-Mile Wash” 4.64 - - - Navajo Bridge
5.7 R  Seven Mile Draw 18.65 UR - - Navajo Bridge
7.9 L  Jackass Creek 5224 Badger Creek 6 5 Navajo Bridge
79 R Badger Canyon 47.01 Badger Creek 6 5 Navajo Bridge
8.6 R - 2.09 UR - - Navajo Bridge
10.0 L - 1.90 - - - Bitter Springs
102 L - 137 - - - Bitter Springs
11.2 R Soap Creek 90.26 Soap Creek 5 6 Bitter Springs
11.8 L  Salt Water Wash 9.60 UR - - Bitter Springs
START OF REACH 2, MILE 11.3
12.1 L - 9.81 UR - - Bitter Springs
123 R - 1.36 - - - Bitter Springs
12.8 R - 7.99 13-Mile 1 - Bitter Springs
13.0 L - 1.13 - - - Bitter Springs
13.0 R - 1.19 - - - Bitter Springs
13.6 L - 2.58 - - - Bitter Springs
14.3 L  Tanner Wash 182.55 Sheer Wall 2 3 Bitter Springs
15.1 L - 740 - - - Bitter Springs
153 L - 252 - - - Bitter Springs
16.3 L  Hanaa Ninadzidzahi 28.84 UR - - Bitter Springs
168 R  House Rock Wash 770.52 House Rock 7 3 Bitter Springs
174 L - 3.75 Redneck 3 - Bitter Springs
18.0 L  *“18- Mile Wash” 5.06 UR - - Bitter Springs
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

River Dralnage Rapid s‘:lv:f::;e 7.5-minute
Miie Slde Tributary name area (kmz) Rapid name rating  fall (m) quaJranIe name
18.1 L - 3.83 UR - - Bitter Springs
19.0 R  “19- Mile Canyon” 1.12 - - - Emmett Wash
19.1 L - 142 - - - Emmett Wash
193 R - 248 - - - Emmett Wash
19.9 L - 3.78 - - - Emmett Wash
20.5 R North Canyon 407.72 North Canyon 5 4 North Canyon Point
21.1 L - 0.04 21-Mile 5 2 Emmett Wash
21.1 R - 0.39 21-Mile 5 2 Emmett Wash
214 L - 13.96 UR - - North Canyon Point
215 L  “22-Mile Wash” 159 UR - - North Canyon Point
21.8 R - 0.27 - - - North Canyon Point
222 L - 3.05 - - - North Canyon Point
START OF REACH 3, MILE 22.6
229 L - 7.87 - - - North Canyon Point
232 R - 0.12 - - - North Canyon Point
233 L - 027 Indian Dick 5 - North Canyon Point
234 R - 0.15 Indian Dick 5 - North Canyon Point
23.5 L - 0.82 23.5-Mile 4 - North Canyon Point
24.0 L - 1.71 - - - North Canyon Point
24.2 L - 0.22 24-Mile 6 - North Canyon Point
242 R - 0.35 24-Mile 6 - North Canyon Point
244 L  Sheep Spring Wash 26.12 24.5-Mile 5 3 North Canyon Point
24.7 L - 1.16 25-Mile 5 3 North Canyon Point
25.0 L - 201 UR - - North Canyon Point
253 L - 0.74 Cave Springs 5 2 North Canyon Point
25.3 R - 124 Cave Springs 5 2 North Canyon Point
254 L - 0.07 - - - North Canyon Point
254 R - 0.11 - - - North Canyon Point
26.6 L  Tiger Wash 51.89 Tiger Wash 4 2 North Canyon Point
26.6 R - 342 Tiger Wash 4 2 North Canyon Point
26.8 R - 0.02 MNA 1 - North Canyon Point
272 L - 1.24 - - - North Canyon Point
282 L  ToHajisho 2022 UR - - North Canyon Point
292 L  Shinumo Wash 186.55 29-Mile 2 2 North Canyon Point
30.2 L - 6.03 UR - - North Canyon Point
30.2 R - 0.29 - - - North Canyon Point
30.5 R - 0.95 - - - North Canyon Point
310 R - 3.08 - - - North Canyon Point
316 R South Canyon 193.12 UR - - North Canyon Point
318 R - 0.49 - - - North Canyon Point
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Appendix 2. List of geomorphicaliy-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris fiows—Continued

Drainage

River Rapid 7.5-minute
Mile Side Tributary name area (km Rapid name rating  fall(m) quadrangle name
32.0 R - 1.19 UR - Tatahatso Point
32.6 L - 0.14 - - Tatahatso Point
328 L - 1.01 - - Tatahatso Point
34.2 R - 0.94 - - Tatahatso Point
34.7 L Nautiloid Canyon 10.59 UR - Tatahatso Point
349 L - 0.09 - - Tatahatso Point
35.2 L - 0.70 - - Tatahatso Point
35.6 L - 0.78 - - Tatahatso Point
START OF REACH 4, MILE 359
36.0 L - 2.01 36-Mile 3 Tatahatso Point
36.7 R - 20.50 - - Tatahatso Point
374 L  Tatahatso Wash 202.60 UR - Tatahatso Point
376 L - 0.95 - - Tatahatso Point
377 L - 149 UR - Tatahatso Point
38.6 R - 0.79 - - Tatahatso Point
39.0 R “Redbud Alcove” 141 UR - Tatahatso Point
41.0 R Buck Farm Canyon 31.15 UR - Buffalo Ranch
413 R  “Bert’s Canyon” 1.81 UR - Buffalo Ranch
429 L - 133 UR - Buffalo Ranch
43.0 L - 0.65 - - Buffalo Ranch
43.1 L - 0.26 - - Buffalo Ranch
43.2 L  Tatahoysa Wash 50.77 President 4 Tatahatso Point
43.7 L - 6.10 - Tatahatso Point
44.6 L - 2.66 UR - Tatahatso Point
448 L - 1.26 - - Tatahatso Point
45.8 L - 0.61 - - Tatahatso Point
46.7 R - 1.46 - - Tatahatso Point
46.8 R - 1.30 - - Tatahatso Point
47.0 R Saddle Canyon 29.30 - - Point Imperial
474 L - 0.71 - - Nankoweap Mesa
474 R - 0.49 - - Nankoweap Mesa
478 L - 0.28 - - Nankoweap Mesa
47.8 R - 0.77 - - Nankoweap Mesa
48.5 R - 1.31 UR - Nankoweap Mesa
494 R - 436 UR - Nankoweap Mesa
49.6 L - 222 UR - Nankoweap Mesa
49.8 R - 3.39 - - Nankoweap Mesa
499 L - 0.15 - - Nankoweap Mesa
50.0 L - 0.12 - - Nankoweap Mesa
50.1 L - 0.13 - - Nankoweap Mesa
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Appendix 2. Llist of geomorphically-significant tributary canyons of the Colorado Rlver In Grand Canyon that
produce debris flows—Continued

River Drainage Rapid sYlvraf:aecre 7.5-minute
Miie Side Tributary name area (kmz) Rapid name rating  faii (m) quatfrangle name
50.3 L - 0.26 - - - Nankoweap Mesa
504 L - 043 - - - Nankoweap Mesa
50.8 L - 0.36 - - - Nankoweap Mesa
512 L - 037 - - - Nankoweap Mesa
51.7 R Litde Nankoweap Creek 10.59 - - - Nankoweap Mesa
522 R Nankoweap Canyon 84.58 Nankoweap 3 8 Nankoweap Mesa
525 L - 349 Nankoweap 3 8 Nankoweap Mesa
53.1 R - 123 UR - - Nankoweap Mesa
535 R - 0.26 - - - Nankoweap Mesa
53.8 R - 0.75 - - - Nankoweap Mesa
54.0 R - 039 - - - Nankoweap Mesa
545 R - 1.66 - - - Nankoweap Mesa
55.0 L - 0.60 - - - Nankoweap Mesa
554 R - 0.70 - - - Nankoweap Mesa
56.0 R Kwagunt Creek 39.25 Kwagunt 6 2 Nankoweap Mesa
56.3 L - 4.58 UR - - Nankoweap Mesa
56.6 R - 0.12 - - - Nankoweap Mesa
56.8 R - 0.10 - - - Nankoweap Mesa
569 L - 093 - - - Nankoweap Mesa
573 L - 0.61 - - - Nankoweap Mesa
57.5 R Malgosa Canyon 6.98 UR - - Cape Solitude
577 L - 039 - - - Cape Solitude
57.8 R - 0.14 - - - Cape Solitude
58.0 R Awatubi Canyon 554 - - - Cape Solitude
58.5 L - 0.74 - - - Cape Solitude
58.8 R - 1.19 - - - Cape Solitude
59.4 R - 0.15 - - - Cape Solitude
59.6 L - 9.49 60-Mile 4 - Cape Solitude
59.6 R 60- Mile Canyon 9.69 60-Mile 4 - Cape Solitude
59.7 L - 039 - - - Cape Solitude
60.2 R - 040 - - - Cape Solitude
60.3 L - 142 - - - Cape Solitude
60.5 L - 040 - - - Cape Solitude
60.6 R - 094 - - - Cape Solitude
61.1 R - 0.66 - - - Cape Solitude
START OF REACH 5, MILE 61.5
61.7 R - 0.66 - - - Cape Solitude
61.9 L - 024 - - - Cape Solitude
62.0 R - 0.09 - - - Cape Solitude
62.1 L - 0.21 - - - Cape Solitude
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

Drainage

River Rapid 7.5-minute
Mile Side Trlbutary name area (kmz) Rapid name rating quadrangie name
62.2 R - 037 - - Cape Solitude
62.5 R - 0.67 UR - Cape Solitude
62.6 L - 0.19 - - Cape Solitude
62.6 R “Crash Canyon” 1.79 - - Cape Solitude
63.0 L - 0.64 - - Cape Solitude
63.3 L - 0.26 - - Cape Solitude
633 R - 0.66 UR - Cape Solitude
63.5 L - 040 - - Cape Solitude
63.5 R - 0.05 - - Cape Solitude
63.8 L - 037 - - Cape Solitude
63.8 R - 0.31 - - Cape Solitude
64.0 L - 0.61 - - Cape Solitude
64.5 L - 033 - - Cape Solitude
64.6 R Carbon Creek 11.40 - - Cape Solitude
65.3 L - 0.60 - - Cape Solitude
65.5 L  Palisades Creek 4.06 Lava Canyon 4 Cape Solitude
65.5 R LavaCanyon 54.71 Lava Canyon 4 Cape Solitude
66.3 L - 1.15 - - Desert View
66.3 R - 147 - - Desert View
66.8 L  Espejo Creek 1.73 - - Desert View
672 L  Comanche Creek 5.40 UR - Desert View
67.6 R - 122 - - Desert View
67.8 L - 0.28 - - Desert View
68.0 L - 0.63 - - Desert View
68.5 L Tanner Canyon 19.25 Tanner 4 Desert View
68.8 R - 0.15 - - Desert View
69.6 R  Basalt Canyon 14.06 UR - Desert View
70.0 L - 474 - - Desert View
703 R - 0.88 - - Desert View
70.7 L - 0.65 - - Desert View
709 L  Cardenas Creek 3.87 UR - Desert View
709 R - 245 - - Desert View
7.2 R - 1.11 - - Desert View
72.1 R - 1.16 - - Cape Royal
726 R Unkar Creek 37.26 Unkar 6 Desert View
733 L - 132 UR - Desert View
739 R - 3.56 - - Cape Royal
74.5 R - 0.39 - - Cape Royal
75.0 L  Escalante Creek 4.76 UR - Cape Royal
75.0 R - 1.1 UR - Cape Royal
75.5 L  75-Mile Creek 11.47 Nevills Cape Royal
755 R - 044 Nevills Cape Royal
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Contlnued

River Dralnage Rapid s‘:lvfaf:::re 7.5-minute
Mile Side Tributary name area (kmz) Rapld name rating  fall (m) quaJrangle name
76.0 L  Papago Creek 6.57 UR - - Cape Royal
76.7 L  Red Canyon 10.52 Hance 9 10 Cape Royal
76.9 R - 2.89 Hance 9 10 Cape Royal
START OF REACH 6, MILE 77.4
78.0 L  Mineral Canyon 3.58 UR - - Cape Royal
78.3 R Asbestos Canyon 8.7 UR - - Cape Royal
78.7 L  Hance Creek 23.54 Sockdolager 9 6 Cape Royal
79.0 R - 132 UR - - Cape Royal
794 L - 0.51 - - - Cape Royal
79.6 R - 3.07 UR - - Cape Royal
79.7 L - 2.21 - - - Cape Royal
80.2 R - 0.26 - - - Cape Royal
80.6 L  Cottonwood Creek 10.14 - - - Cape Royal
81.2 R  Vishnu Creek 13.56 - - - Cape Royal
81.5 L  Grapevine Creek 30.82 Grapevine 8 6 Phantom Ranch
81.6 R - 7.01 Grapevine 8 6 Phantom Ranch
82.2 R - 1.17 - - - Phantom Ranch
82.3 L - 1.09 - - - Phantom Ranch
82.8 L  Boulder Creek 5.38 - - - Phantom Ranch
83.1 L - 1.03 - - - Phantom Ranch
83.6 R - 4.67 83-Mile 4 2 Phantom Ranch
83.9 L  Lonetree Canyon 2.61 - - - Phantom Ranch
84.1 R  Clear Creek 93.14 UR - - Phantom Ranch
84.5 L - 0.62 - - - Phantom Ranch
84.6 R Zoroaster Canyon 4.10 Zoroaster 6 2 Phantom Ranch
85.0 L - 036 85-Mile 3 - Phantom Ranch
85.0 R - 094 85-Mile 3 - Phantom Ranch
85.6 L  Cremation Creek 1207 UR - - Phantom Ranch
85.7 R - 2.17 - - - Phantom Ranch
86.7 R - 3.79 - - - Phantom Ranch
86.9 L - 0.12 - - - Phantom Ranch
87.2 L - 1.05 - - - Phantom Ranch
87.8 R  Bright Angel Creek 260.33 Bright Angel 4 - Phantom Ranch
879 L - 1.89 - - - Phantom Ranch
88.9 L  Pipe Creek 17.31 Pipe Springs 4 - Phantom Ranch
88.9 R - 227 Pipe Springs 4 - Phantom Ranch
893 R - 093 UR - - Phantom Ranch
90.2 L  Hom Creek 4.28 Hom Creek 8 3 Grand Canyon
91.1 R  91- Mile Creek 5.69 - - - Grand Canyon
91.5 R Trinity Creek 20.05 - - - Grand Canyon
92.0 R - 1.22 UR - - Grand Canyon
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debrls flows—Continued

River Drainage Rapid s‘:lvral:iecre 7.5-minute
Mile Side Tributary name area (kmz) Rapld name rating fall (m) quatirangle name
92.7 L  Salt Creek 322 Salt Creek 4 2 Grand Canyon
933 L - 0.87 - - - Grand Canyon
93.5 L  Monument Creek 9.73 Granite 9 6 Grand Canyon
93.5 R - 2.27 Granite 9 6 Grand Canyon
94.3 L - 0.51 - - - Grand Canyon
94.3 R  94- Mile Creek 9.42 UR - - Grand Canyon
95.0 L  Hermit Creek 31.98 Hermit 9 5 Grand Canyon
95.6 L  Travertine Canyon 3.84 - - - Grand Canyon
96.0 R - 2.88 - - - Grand Canyon
96.7 L  Boucher Creek 16.79 Boucher 4 4 Grand Canyon
974 R - 344 - - - Shiva Temple
98.2 L  Slate Creek 12.12 Crystal 10 6 Shiva Temple
98.2 R Crystal Creek 111.64 Crystal 10 6 Shiva Temple
99.3 R Tuna Creek 59.62 Tuna Creek 6 3 Havasupai Point
99.6 L - 0.83 Willie'’s Necktie 4 - Havasupai Point
99.7 R - 4.96 Willie’s Necktie 4 - Havasupai Point
100.6 L  Agate Canyon 436 Agate 3 - Havasupai Point
101.3 L  Sapphire Canyon 1.78 Sapphire 7 2 Havasupai Point
1013 R - 2.02 Sapphire 7 2 Havasupai Point
102.0 L  Turquoise Canyon 14.64 Turquoise 4 1 Havasupai Point
102.0 R - 0.29 Turquoise 4 1 Havasupai Point
102.6 L - 3.62 UR - - Havasupai Point
103.0 R - 2.15 - - - Havasupai Point
103.1 L - 1.24 - - - Havasupai Point
103.9 L - 021 104-Mile 6 - Havasupai Point
103.9 R Emerald Canyon 4.08 104-Mile 6 - Havasupai Point
1043 R - 1.72 - - - Havasupai Point
104.6 L  Ruby Canyon 747 Ruby 6 4 Havasupai Point
104.6 R Monodnock Amphitheater 9.65 Ruby 6 4 Havasupai Point
104.9 L - 2.12 UR - - Havasupai Point
105.7 L - 154 - - - Havasupai Point
105.7 R - 0.93 - - - Havasupai Point
106.0 L  Serpentine Canyon 3.96 Serpentine 7 4 Havasupai Point
1063 R - 2.07 UR - Havasupai Point
107.6 L  Bass Canyon 7.28 Bass 4 1 Havasupai Point
107.8 R  Hotauta Canyon 7.13 Bass 4 1 Havasupai Point
108.6 R Shinumo Creek 221.98 Shinumo 4 3 Havasupai Point
109.6 R - 0.67 - - - Havasupai Point
109.8 L - 1.05 110-Mile 1 - Havasupai Point
110.2 L  Copper Canyon 6.06 - - - Havasupai Point
110.2 R - 0.76 - - - Havasupai Point
1104 L - 025 - - - Explorer’s Monu.
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Appendix 2. List of geomorphicaily-significant tributary canyons of the Colorado River in Grand Canyon that

produce debris fiows—Continued

River Drainage Rapid st‘:f;ze 7.5-minute
Mile Side Tributary name area (kmz) Rapid name rating fall (m) quaJrangle name
110.8 R Hakatai Canyon 9.48 Hakatai 4 3 Explorer’s Monu.
111.2 R - 0.68 - - - Explorer’s Monu.
1113 L - 0.52 - - - Explorer’s Monu.
1122 L - 1.78 Waltenburg 7 5 Explorer’s Monu.
112.2 R  Waltenberg Canyon 14.27 Waltenburg 7 5 Explorer’s Monu.
112.5 L - 0.63 112.5-Mile 2 - Explorer’s Monu.
1125 R - 1.99 112.5-Mile 2 - Explorer’s Monu.
113.0 R - 133 Rancid Tuna 6 - Explorer’s Monu.
1133 R - 0.67 - - - Explorer’s Monu.
113.6 L - 1.12 - - - Explorer’s Monu.
1139 R - 0.53 - - - Explorer’s Monu.
1144 R - 0.37 - - - Explorer’s Monu.
114.5 L  Gamet Canyon 15.83 UR - - Explorer’s Monu.
115.1 L - 493 UR - - Explorer’s Monu.
1155 L - 4.07 UR - - Explorer’s Monu.
START OF REACH 7, MILE 115.7
115.8 R - 0.67 - - - Explorer’s Monu.
116.1 L - 1.00 - - - Explorer’s Monu.
116.5 L  Royal Arch Creek 30.86 UR - - Explorer’s Monu.
116.8 L - 212 UR - - Explorer’s Monu.
117.7 L - 1.88 UR - - Explorer’s Monu.
117.7 R - 0.68 - - - Explorer’s Monu.
118.0 R - 1.02 - - - Explorer’s Monu.
1183 R - 023 - - - Explorer’s Monu.
118.6 L - 0.24 - - - Explorer’s Monu.
118.7 R - 140 119-Mile 2 - Explorer’s Monu.
119.0 R  119- Mile Creek 2.7 - - - Explorer’s Monu.
119.2 L - 0.62 - - - Explorer’s Monu.
119.2 R - 1.86 - - - Explorer’s Monu.
119.7 R - 0.51 - - - Explorer’s Monu.
120.1 R  Blacktail Canyon 24.15 Blacktail 3 - Explorer’s Monu.
120.6 L - 1.73 - - - Explorer’s Monu.
120.8 L - 0.40 - - - Explorer’s Monu.
121.7 L - 7.96 122-Mile 5 - Explorer’s Monu.
1222 R 122- Mile Creek 8.03 UR - - Topocoba Hilltop
1223 L - 2.39 - - - Topocoba Hilltop
1225 L - 044 - - - Topocoba Hilliop
122.7 L  Forster Canyon 10.04 Forster 6 - Topocoba Hilltop
123.1 L - 0.19 - - - Fossil Bay
1233 L - 042 - - - Fossil Bay
1235 L - 229 UR - - Fossil Bay
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

River Drainage Rapid surface  7.5-minute
Mile Side Tributary name area (kmz) Rapid name rating  fail (m) quad‘rangle name
123.6 L - 0.21 - - - Fossil Bay
124.0 L - 097 - - - Fossil Bay
1244 L - 3.06 UR - - Fossil Bay
125.0 L  Fossil Canyon 3439 Fossil 6 5 Fossil Bay
START OF REACH 8, MILE 125.5
125.5 R - 030 - - - Fossil Bay
125.6 L - 0.29 - - - Fossil Bay
1258 R - 444 - - - Fossil Bay
1263 L - 053 Randy’s Rock 2 - Fossil Bay
126.6 R - 0.29 - - - Fossil Bay
126.7 R - 0.10 - - - Powell Platean
1269 L - 057 127-Mile 3 - Powell Plateau
126.9 R  127-Mile Creek 6.09 127-Mile 3 - Powell Plateau
1272 R - 0.65 - - - Powell Plateau
1273 L - 0.76 UR - - Powell Plateau
1275 R - 0.98 - - - Powell Platean
127.6 L  *“127.6- Mile Canyon” 1.75 *127.6-Mile” - - Powell Plateau
1279 L - 098 - - - Powell Platean
128.5 R  128- Mile Creek 7.93 128-Mile 5 - Powell Plateau
129.0 L  Specter Chasm 8.25 Specter 6 1 Powell Plateau
130.0 R  *“130- Mile Creek” 6.40 - - - Powell Platean
1305 R  Bedrock Canyon 21.14 Bedrock 8 3 Powell Plateau
130.9 L - 201 UR - - Powell Plateau
131.1 R - 1.69 - - - Powell Platean
131.7 R  Galloway Canyon 12.27 Dubendorf 8 5 Powell Plateau
1319 R  Stone Creek 6.76 Dubendorf 8 5 Powell Platean
1323 L - 0.83 - - - Powell Platean
1325 L - 0.16 - - - Powell Platean
133.0 L - 252 UR - - Powell Plateau
133.0 R 133- Mile Creek 6.63 UR - - Powell Plateau
1334 L - 031 - - - Powell Plateau
133.8 R Tapeats Creek 216.34 Tapeats 6 5 Powell Plateau
134.2 L - 1.18 - - - Tapeats Amph.
134.2 R  Bonita Creek 5.73 134-Mile 3 - Tapeats Amph.
1343 L - 4.64 UR - - Tapeats Amph.
134.8 R - 0.86 135-Mlle 5 - Tapeats Amph.
1354 R - 022 - - - Tapeats Amph.
1359 L - 1.60 - - - Fishtail Mesa
136.2 R  Deer Creek 43.63 UR - - Fishtail Mesa
136.5 L - 0.07 - - - Fishtail Mesa
136.7 L - 407 - - - Fishtail Mesa
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

River Drainage Rapid sufsce  7.5-minute
Mile Side Tributary name area (kmz) Rapid name rating  fall (m) quad'rangle name
136.8 L - 041 - - - Fishtail Mesa
137.6 L - 0.11 - - - Fishtail Mesa
1377 R - 0.78 - - - Fishtail Mesa
137.8 L - 0.81 137.5-Mile 6 - Fishtail Mesa
138.3 L - 0.53 - - - Fishtail Mesa
1384 L - 0.17 - - - Fishtail Mesa
138.5 R - 5.20 138.5-Mile 4 - Fishtail Mesa
1389 L - 144 - - - Fishtail Mesa
139.1 R  Fishtail Canyon 19.63 Fishtail 6 3 Fishtail Mesa
139.5 R - 0.26 - - - Fishtail Mesa
139.9 L  140- Mile Canyon 25.76 UR - - Fishtail Mesa
139.9 R - 0.65 UR - - Fishtail Mesa
START OF REACH 9, MILE 140.0
140.9 L - 0.59 - - - Fishtail Mesa
1413 L - 0.88 - - - Fishtail Mesa
1413 R - 2.08 141-Mile 2 - Fishtail Mesa
143.1 L - 342 - - - Kanab Point
144.2 R - 1.06 - - - Kanab Point
144.8 R - 7.14 144.5-Mile 2 - Kanab Point
145.0 L - 0.19 - - - Havasu Falls
145.6 L Olo Canyon 3295 UR - - Havasu Falls
1479 L Matkatamiba Canyon 86.84 Matkatamiba 2 - Havasu Falls
148.5 L - 2.81 - - - Havasu Falls
148.6 L - 0.72 - - - Havasu Falls
149.7 R 150- Mile Canyon 81.04 Upset 8 5 Havasu Falls
1524 R - 1.60 - - - Havasu Falls
153.1 L - 0.70 - - - Havasu Falls
1533 L  Sinyella Canyon 12.28 Sinyala 4 - Havasu Falls
153.5 L - 0.50 - - - Havasu Falls
153.8 L - 0.90 - - - Havasu Falls
153.9 L - 0.22 - - - Havasu Falls
155.6 R - 5.49 UR - - SB Point
157.6 R - 11.11 UR - - SB Point
158.2 R - 2.40 - - - SB Point
159.2 L - 5.12 UR - - SB Point
159.5 L - 3.13 UR - - SB Point
159.6 L - 1.28 - - - SB Point
START OF REACH 10, MILE 160.0
160.8 R - 3.37 UR - - SB Point
161.6 L - 15.18 UR - - SB Point
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris fiows—Continued

River Dralnage Rapid s‘:‘n’:f:e;e 7.5-minute

Mile Side Tributary name area (kmz) Rapld name rating fall(m) quad'ranle name
163.3 R - 1.29 - - - SB Point
163.8 L - 2891 UR - - SB Point
1645 R Tuckup Canyon 175.68 164-Mile 3 - SB Point
166.4 L  National Canyon 407.12 National 2 - Fern Glen Canyon
167.0 L - 2.16 - - - Fern Glen Canyon
167.2 L - 6.08 - - - Fern Glen Canyon
168.0 R Fern Glen Canyon 39.97 Fern Glen 3 - Fern Glen Canyon
168.3 R - 258 - - - Fern Glen Canyon
169.8 L - 386 - - - Gateway Rapids
170.2 L - 7.49 - - - Gateway Rapids
171.1 R  Stairway Canyon 797 Gateway 3 - Gateway Rapids
1715 L  Mohawk Canyon 21440 Gateway 3 - Gateway Rapids
1721 L - 0.53 - - - Gateway Rapids
172.7 L - 3.28 - - - Gateway Rapids
173.0 L - 1.80 - - - Vulcan's Throne
173.0 R BigCove 2.02 UR - - Gateway Rapids
174.0 R - 0.46 - - - Vulcan’s Throne
1744 R  Cove Canyon 26.62 UR - - Vulcan’s Throne
1754 R - 1.82 - - - Vulcan'’s Throne
1759 L - 2.7 UR - - Vulcan’s Throne
176.4 R Saddle Horse Canyon 3.80 UR - - Vulcan’s Throne
1771 L - 5.00 - - - Vulcan’s Throne
1777 L - 6.68 - - - Vulcan’s Throne
178.6 R - 379.22 - - - Vulcan’s Throne
179.1 R - 1.83 - - - Vulcan’s Throne
179.4 L Prospect Canyon 257.22 Lava Falls 10 3 Vulcan's Throne
179.4 R - 24.74 Lava Falls 10 3 Vulcan’s Throne
179.8 R - 1.23 - - - Vulcan’s Throne
180.8 L - 097 UR - - Vulcan’s Throne
180.9 R - 10.93 UR - - Vulcan’s Throne
1818 R - 12.77 UR - - Vulcan’s Throne
182.5 R - 0.58 - - - Vulcan’s Throne
182.6 L Hell’'s Hollow 23.12 - - - Vulcan’s Throne
183.1 L - 7.60 UR - - Whitmore Rapids
183.7 L - 1.60 - - - Whitmore Rapids
184.0 R - 0.70 - - - Whitmore Rapids
1845 L - 0.28 - - - Whitmore Rapids
184.6 L - 0.56 - - - Whitmore Rapids
184.6 R - 1.97 - - - Whitmore Rapids
1853 R - 335 185-Mile 3 - Whitmore Rapids
186.1 L - 732 - - - Whitmore Rapids
186.2 L - 142 - - - Whitmore Rapids
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

River Dralnage Rapid sanraI:::re 7.5-minute

Mile Side Tributary name area (kmz) Rapid name ratﬂ:g fail (m) quad'rangle name
187.0 L - 2.09 187-Mile 4 - ‘Whitmore Rapids
187.0 R - 3.15 187-Mile 4 - Whitmore Rapids
1874 R - 793 - - - ‘Whitmore Rapids
187.6 R - 0.96 - - - ‘Whitmore Rapids
188.1 R Whitmore Wash 312.28 Whitmore 3 - ‘Whitmore Rapids
188.5 R - 3.76 UR - - Whitmore Rapids
1895 L - 1.46 - - - Whitmore Rapids
189.7 L - 10.51 UR - - Vulcan's Throne SW
190.3 L - 24.22 - - - Vulcan's Throne SW
190.8 L - 0.45 UR - - Vulcan’s Throne SW
1908 R - 2.54 UR - - Vulcan’s Throne SW
191.1 R - 4.86 UR - - Vulcan’s Throne SW
1912 L - 1.20 - - - Vulcan’s Throne SW
191.8 L  192- Mile Canyon 16.25 - - - Vulcan’s Throne SW
192.8 L  193-Mile Creek 57.89 UR - - Vulcan's Throne SW
193.1 R Boulder Wash 1.84 UR - - Vulcan’s Throne SW
193.7 L - 0.60 - - - Whitmore Point SE
194.0 R - 0.97 - - - Whitmore Point SE
194.1 L - 295 - - - Whitmore Point SE
1945 L  194- Mile Canyon 8.64 UR - - Whitmore Point SE
194.6 L - 130 - - - Whitmore Point SE
194.9 R - 0.49 - - - Whitmore Point SE
195.2 L - 0.54 - - - Whitmore Point SE
1953 R - 0.56 - - - Whitmore Point SE
196.0 R - 3.67 - - - Whitmore Point SE
196.1 R - 18.23 - - - Whitmore Point SE
196.5 L  196- Mile Creek 11.74 UR - - Whitmore Point SE
196.6 R - 0.89 - - - Whitmore Point SE
196.7 R - 0.64 - - - Whitmore Point SE
197.0 L - 022 - - - Whitmore Point SE
198.0 R - 2.26 - - - Whitmore Point SE
198.5 L - 1.82 UR - - ‘Whitmore Point SE
198.5 R  Parashant Wash 934.12 UR - - Whitmore Point SE
198.8 L - 0.19 - - - Whitmore Point SE
198.8 R - 2.09 UR - - ‘Whitmore Point SE
199.5 R - 0.93 UR - - Whitmore Point SE
200.0 R - 0.30 - - - Whitmore Point SE
200.3 R - 0.98 UR - - Whitmore Point SE
2009 R - 1.11 - - - Whitmore Point SE
201.1 L - 0.87 - - - Whitmore Point SE
201.1 R - 4.76 - - - Whitmore Point SE
202.0 R - 1099 - - - Whitmore Point SE
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that
produce debris flows—Continued

River Drainage Rapid sv::ftae::e 7.5-minute
Miie Side Tributary name area (kmz) Rapid name rating  fall (m) quad'rangie name
202.1 L - 0.55 - - - Whitmore Point SE
2024 R - 0.94 - - - ‘Whitmore Point SE
202.5 R - 141 - - - ‘Whitmore Point SE
203.0 L - 094 - - - ‘Whitmore Point SE
203.0 R - 054 - - - ‘Whitmore Point SE
2040 R - 426 - - - ‘Whitmore Point SE
204.2 L - 0.75 - - - ‘Whitmore Point SE
204.3 L - 0.49 - - - Whitmore Point SE
204.3 R Spring Canyon 50.38 UR - - ‘Whitmore Point SE
2055 L  205- Mile Creek 2754 205-Mile 7 4 ‘Whitmore Point SE

206.0 R - 2.04 UR - - Granite Park
206.5 R  Indian Canyon 9.84 UR - - Granite Park
207.4 L - 0.40 UR - - Granite Park
207.6 L - 1.40 - - - Granite Park
207.8 L - 3.09 - - - Granite Park
208.6 L - 8.35 UR - - Granite Park
208.6 R 209- Mile Canyon 95.46 209-Mile 7 - Granite Park
208.8 L  Granite Park Canyon 12622 209-Mile 7 - Granite Park
209.8 R - 171 UR - - Granite Park
210.8 R - 0.99 - - - Granite Park
211.2 L - 1.71 - - - Granite Park
2115 L - 047 - - - Granite Park
2115 R  Fall Canyon 11.48 UR - - Granite Park
2122 L - 048 Little Bastard 3 - Granite Park
2122 R - 0.08 Little Bastard 3 - Granite Park
212.7 R - 345 - - - Granite Park
213.8 L - 2.00 - - - Granite Park
START OF REACH 11, MILE 213.9
2140 R 214- Mile Creek 8.22 - - - Granite Park
2142 R - 2.74 UR - - Granite Park
2145 L - 0.55 UR - - Granite Park
215.0 L  215- Mile Creek 5.89 - - - Granite Park
215.7 L  Three Springs Canyon 2417 Three Springs 2 - Granite Park
215.7 R - 0.60 Three Springs 2 - Granite Park
216.2 R - 245 UR - - Granite Park
216.5 R - 0.72 - - - Diamond Peak
216.8 L - 9.76 UR - - Diamond Peak
2174 L  217- Mile Canyon 23.98 217-Mile 7 5 Diamond Peak
2177 R - 146 UR - - Diamond Peak
218.0 L - 0.81 - - - Diamond Peak
218.6 L - 096 - - - Diamond Peak
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Appendix 2. List of geomorphically-significant tributary canyons of the Colorado River in Grand Canyon that

produce debris flows—Continued

River Drainage Rapid s‘::vsf:ec:e 7.5-minute

Miie Side Tributary name area (kmz) Rapid name rating  faii (m) quad.rangle name
2194 R  Trail Canyon 50.08 Trail Canyon 3 - Diamond Peak
2199 L - 0.59 - - - Diamond Peak
220.0 R  220- Mile Canyon 2694 UR - - Diamond Peak
2204 L  Granite Spring Canyon 37.14 Granite Spring 2 - Diamond Peak
2213 R - 094 - - - Diamond Peak
222.0 L 222-Mile Canyon 5.06 - - - Diamond Peak
2223 L - 0.26 - - - Diamond Peak
222.5 R - 2.99 - - - Diamond Peak
222.6 L  *“222.6-Mile Canyon” 0.58 UR - - Diamond Peak
223.1 L - 1.04 UR - - Diamond Peak
2232 R - 0.53 - - - Diamond Peak
223.5 L  224-Mile Canyon 12.78 224-Mile 3 - Diamond Peak
2239 R - 0.68 - - - Diamond Peak
224.5 L “224.5- Mile Canyyon” 0.45 - - - Diamond Peak
224.6 R - 2.73 - - - Diamond Peak
2253 R - 23.32 - - - Diamond Peak
225.8 L  Diamond Creek 716.74 Diamond Creek 4 8 Diamond Peak
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-
significant tributaries of the Colorado River in Grand Canyon

[Drainage basin characteristics reported here were derived from USGS 7.5-minute topographic quadrangle maps. Drainage areas, from appendix
2. Stream order, was determined according to the Horton System as modified by Strahler (1952), using USGS 7.5-minute quadrangle maps.
Perimeter, is the vectorized-length of drainage-basin divide, determined from drainage-basin boundary vectors hand-digitized from USGS 7.5-
minute quadrangle maps, using the vector statistics package located within the Map and Image Processing System (MIPS), a software package
developed by Micro-Images Inc. of Lincoln, Nebraska (use of trade names does not imply endorsement by the U.S. Geological Survey). Maximum
dimension, is the maximum, linear dimension of the drainage basin determined using drainage-basin boundary vectors and the vector satistics
package located within MIPS. Roughness, refers to drainage-shape roughness, a unit-less number which describes the degree of irregularity of a
drainage’s shape; ie. a circle is assigned a value of 1, while a snowflake might be assigned a value of between 100 and 300. Roughness values were
determined using drainage-basin boundary vectors and the vector satistics package located within MIPS. Aspect, is the dominant drainage basin
orientation relative to true-North, and was determined by measuring the azimuth of an imaginary line connecting a drainage’s pour-point
(confluence with Colorado River), to its weighted-centroid; drainage-centroid coordinates were calculated using drainage-basin boundary vectors
and the vector satistics package located within MIPS. Drainage length, was determined by measuring the length of the drainage channel mapped
as a solid blue line on USGS 7.5-minute quadrangle maps. Maximum relief, is the elevation difference between the highest point on the drainage
and the basin's pour-point (confluence with the Colorado River); these values were determined from USGS 7.5-minute quadrangle maps. (n.d.), no
data; (-), tributary is unnamed]

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough-  Aspect in relief, in

mile  Side name in km?2  order meters  meters ness (degrees) meters meters
22 L - 253 3 7073 2783 78 290 3219 750
22 R - 7.71 4 14882 5472 10.6 118 5311 1022
2.8 R  Cathedral Wash 17.27 4 20001 7109 8.2 93 8529 1112
34 L - 526 2 10408 4134 8.2 310 4345 718
35 L - 0.61 2 4586 2176 16.5 313 2253 174
39 L - 4.29 3 11613 4913 133 315 5311 728
4.5 L - 5.87 3 14044 5845 140 318 5793 843
51 L  “5Mile Wash” 4.64 3 13594 5778 169 325 5793 805
57 R  Seven Mile Draw 18.65 3 21599 7007 8.1 108 6920 1148
79 L Jackass Creek 5224 5 45059 16583 143 345 18829 1010
79 R Badger Canyon 47.01 5 35597 10289 7.8 102 12713 1254
8.6 R - 2.09 3 6027 2063 6.0 86 2575 318
10.0 L - 1.90 3 7262 3142 120 322 3540 421
10.2 L - 137 3 7014 3028 155 337 3380 421
112 R  Soap Creek 90.26 6 48856 15028 8.1 76 10782 1315
11.8 L Salt Water Wash 9.60 4 20366 9007 19.1 324 10139 622
12.1 L - 9.81 4 21994 9793 20 336 10621 634
12.3 R - 1.36 3 6048 2047 9.1 124 3219 418
12.8 R - 7.99 3 14314 5618 10.1 56 6437 488
13.0 L - 113 3 4796 1944 83 304 2414 469
13.0 R - 1.19 2 5681 2377 114 38 2575 476
13.6 L - 2.58 3 7571 3274 9.6 308 3380 530
14.3 L Tanner Wash 182.55 4 110100 39256 23.7 335 41520 1265
15.1 L - 740 3 19480 8853 233 328 9817 676
15.3 L - 2.52 2 10100 4576 183 330 5793 587
163 L  Hanaa Ninadzidzahi 28.84 4 31907 13032 144 331 16415 804
16.8 R House Rock Wash 770.52 7 157396 42891 88 90 54072 1865

Appendix 3 225



Appendix 3. Selected dralnage basln characteristics for 529 geomorphlcally-significant tributaries of the

Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough-  Aspect in relief, in

mile  Side name in km®  order meters meters ness (degrees) meters meters
174 L - 375 3 10698 4603 13.1 312 4989 628
18.0 L “18 Mile Wash” 5.06 3 15130 6540 19.6 324 7403 693
18.1 L - 3.83 3 12412 5677 184 335 5954 677
19.0 R  “19 Mile Canyon™ 1.12 2 4204 1434 54 145 1931 555
19.1 L - 142 2 7493 3177 16.8 301 3219 625
193 R - 248 3 7595 2771 85 60 3380 575
19.9 L - 378 3 11414 4746 143 311 4989 658
20.5 R  North Canyon 407.72 6 126221 46117 14.3 56 54394 1902
21.1 L - 0.04 1 1184 554 159 243 483 573
21.1 R - 039 1 3136 1289 105 66 1127 596
214 L - 13.96 4 26673 10358 19.8 308 12392 862
215 L  *“22 Mile Wash” 1.59 2 7891 3465 172 304 4023 707
21.8 R - 0.27 2 2304 942 8.1 105 805 597
222 L - 3.05 3 10425 4637 15.8 311 4989 738
229 L - 7.87 3 17457 7272 16.1 315 8368 820
232 R - 0.12 1 1604 715 94 128 644 634
233 L - 0.27 2 2608 1093 10.5 305 1127 689
234 R - 0.15 2 1956 727 9.3 122 644 649
235 L - 0.82 2 4411 1985 10.7 298 2092 707
24.0 L - 1.71 3 7421 3268 142 300 3380 725
242 L - 0.22 2 2078 840 7.8 295 805 674
242 R - 0.35 2 2854 1083 8.7 164 966 680
244 L  Sheep Spring Wash 26.12 4 30400 11551 135 297 14645 887
247 L - 1.16 2 5536 2484 119 327 2736 724
250 L - 2.01 2 6704 2729 9.1 335 3058 725
253 L - 0.74 2 3803 1700 8.7 340 1609 724
253 R - 1.24 2 5216 1875 79 141 2414 695
254 L - 0.07 1 1383 649 13.1 325 483 707
254 R - 0.11 1 1650 647 9.9 140 644 683
26.6 L Tiger Wash 51.89 4 42911 15730 13.0 309 16254 978
26.6 R - 342 2 9261 3429 93 84 4506 748
26.8 R - 0.02 1 689 314 113 88 161 341
272 L - 1.24 2 4678 1798 6.8 314 2092 744
28.2 L  To Hajisho 20.22 4 26790 10514 139 299 11748 853
29.2 L  Shinumo Wash 186.55 4 86282 29355 13.6 304 33473 1113
30.2 L - 6.03 3 12870 5422 11.6 318 5633 799
30.2 R - 0.29 1 2600 1159 104 129 1287 757
305 R - 0.95 2 4122 1523 6.6 100 1609 757
31.0 R - 3.08 2 8881 3347 9.7 118 4023 765
31.6 R  South Canyon 193.12 4 74161 26845 103 47 28002 1931
31.8 R - 049 2 3189 1321 8.7 40 1287 792
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Appendix 3. Selected drainage basin characteristics for 529 geomorphicaliy-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Perl- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough-  Aspect in rellef, in

mile  Side name in km?2  order meters  meters ness (degrees) meters meters
320 R - 1.19 2 4533 1735 6.6 16 1770 805
32.6 L - 0.14 1 1806 819 103 222 805 768
32.8 L - 1.01 2 6113 2331 14.1 251 2575 805
34.2 R - 094 2 4752 1910 9.7 54 1448 805
34.7 L  Nautiloid Canyon 10.59 3 16945 5438 8.7 267 5793 842
34.9 L - 0.09 2 1385 588 8.7 248 644 415
35.2 L - 0.70 2 3706 1446 77 253 1287 813
35.6 L - 0.78 1 3610 1413 6.6 242 1448 805
36.0 L - 201 2 5900 1958 5.7 276 2575 842
36.7 R - 20.50 3 34950 14087 24.0 97 16093 1051
374 L  Tatahatso Wash 202.60 4 78790 23716 92 311 26393 1134
37.6 L - 095 2 5895 1960 12.1 316 3219 975
37.7 L - 1.49 2 7862 3055 16.2 340 3219 902
38.6 R - 0.79 2 3573 1210 55 127 1287 866
39.0 R “Redbud Alcove” 141 2 4779 1797 6.1 97 1770 902
41.0 R Buck Farm Canyon 31.15 4 36976 16245 193 56 16415 1859
41.3 R  “Bert’s Canyon” 1.81 2 5888 2503 8.1 63 2414 969
429 L - 133 2 5007 1916 7.2 190 1287 907
43.0 L - 0.65 2 3727 1531 8.8 210 1609 829
43.1 L - 0.26 1 2963 1368 153 226 1448 829
43.2 L  Tatahoysa Wash 50.77 3 42343 15055 12.6 338 18346 1000
43.7 L - 6.10 3 12986 5157 11.0 341 6437 985
44.6 L - 2.66 2 7417 2746 17 357 3058 975
4.8 L - 1.26 2 5441 2319 10.0 15 2253 981
458 L - 0.61 2 4241 1653 114 342 1609 975
46.7 R - 146 3 4979 1845 6.3 159 1448 975
46.8 R - 130 3 4915 1835 70 9 1448 1002
47.0 R Saddle Canyon 29.30 4 26632 11117 10.1 49 11909 1853
474 L - 0.7 2 3402 1252 6.0 228 1287 975
474 R - 0.49 2 3398 1521 10.6 36 1448 1000
47.8 L - 0.28 1 2451 1085 94 237 1127 975
478 R - 0.77 2 3954 1622 84 312 1609 1073
485 R - 1.31 2 4885 2149 8.0 56 2414 1018
494 R - 436 3 9822 4354 9.8 64 4184 1286
49.6 L - 222 4 6524 2376 70 216 2092 975
49.8 R - 339 3 11282 4853 162 52 5150 1353
499 L - 0.15 1 2359 1067 16.7 244 966 981
50.0 L - 0.12 1 2157 1015 189 244 966 981
50.1 L - 0.13 1 2118 971 15.7 248 805 988
50.3 L - 0.26 1 2581 1041 103 250 966 988
504 L - 043 2 3035 1100 7.7 282 966 988
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Appendix 3. Selected dralnage basin characterlstics for 529 geomorphlcally-significant tributarles of the

Colorado River In Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Trlbutary area, Stream meter, in sion,in Rough- Aspect in relief, in

mile Side name In km? order meters  meters ness {degrees) meters meters
50.8 L - 036 1 2952 1187 9.8 286 966 1000
51.2 L - 037 2 2778 1185 89 267 966 1000
317 g Litle Nankoweap 1059 4 15242 6117 88 9% 7242 1609
522 R  Nankoweap Canyon 84.58 5 44576 13575 72 61 14806 1866
525 L - 349 2 8304 2522 6.0 267 3862 1016
53.1 R - 1.23 3 4725 1721 6.6 46 1609 1010
53.5 R - 0.26 1 2547 1155 114 4 966 1010
53.8 R - 0.75 3 4184 1661 93 58 1609 1028
54.0 R - 0.39 1 3540 1611 14.6 233 1448 1028
54.5 R - 1.66 3 5209 2001 6.3 47 2575 1079
55.0 L - 0.60 2 3380 1344 7.6 220 2253 1006
554 R - 0.70 3 3518 1439 73 69 1287 1036
56.0 R Kwagunt Creek 39.25 4 35193 12823 115 62 15288 1744
56.3 L - 4.58 3 9271 3044 6.2 263 2253 1024
56.6 R - 0.12 1 2068 897 15.8 72 966 671
56.8 R - 0.10 1 1796 817 152 86 805 805
56.9 L - 0.93 4 4475 1692 8.1 266 1609 1024
573 L - 0.61 3 3492 1437 83 250 1448 1024
57.5 R  Malgosa Canyon 6.98 3 12905 5155 95 63 5954 1256
57.7 L - 0.39 2 2960 1124 8.5 258 805 1030
57.8 R - 0.14 1 1964 899 123 65 966 847
58.0 R  Awatubi Canyon 5.54 3 11073 4712 94 56 5150 1256
585 L - 0.74 3 3893 1521 8.0 246 1448 1024
58.8 R - 1.19 3 4948 2102 8.7 57 2414 818
594 R - 0.15 1 . 1907 872 10.7 77 644 573
59.6 L - 949 3 15059 4759 7.6 217 5472 1039
59.6 R 60 Mile Canyon 9.69 4 15377 5636 89 67 6276 1365
59.7 L - 0.39 3 3019 1339 10.5 233 966 1012
60.2 R - 0.40 2 3214 1383 11.2 57 1287 817
60.3 L - 142 3 5091 1922 6.9 238 1931 1012
60.5 L - 0.40 2 2883 1071 7.7 244 1127 890
60.6 R - 0.94 2 4549 2029 9.8 83 1931 1093
61.1 R - 0.66 2 5015 2259 17.1 97 2414 1116
61.7 R - 0.66 2 4724 1893 135 130 2092 1146
619 L - 0.24 1 2304 1033 9.8 310 1287 1056
62.0 R - 0.09 1 1534 693 122 127 644 658
62.1 L - 0.21 1 2209 981 10.2 317 966 1056
62.2 R - 0.37 2 2982 1267 103 132 1287 1122
62.5 R - 0.67 3 3564 1421 7.6 119 1287 1164
62.6 L - 0.19 1 2269 1044 12.6 271 1127 1056
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the

Colorado River in Grand Canyon—Continued

Maxi- Drain-

Draln- mum age Maxi-
age Perl- dimen- length mum

River Tributary area, Stream meter,in slon,in Rough- Aspect in rellef, in

mile Side name In km® order meters  meters ness (degrees) meters meters
62.6 R  “Crash Canyon” 1.79 3 6062 2100 7.1 83 2092 1158
63.0 L - 0.64 3 3638 1375 7.8 260 1287 1056
633 L - 0.26 3 2479 1100 103 259 966 1049
63.3 R - 0.66 3 3655 1332 73 74 1448 801
63.5 L - 0.40 4 2933 1139 83 257 1127 1049
63.5 R - 0.05 1 1418 675 174 75 644 402
63.8 L - 037 3 2707 1107 8.0 282 966 1071
63.8 R - 031 2 2514 1101 89 96 966 801
64.0 L - 0.61 3 3547 1297 75 283 1287 1097
64.5 L - 033 3 2551 1049 8.1 279 966 1104
64.6 R  Carbon Creek 11.40 4 17138 6537 9.8 136 8529 1164
653 L - 0.60 3 4016 1530 102 250 1448 1104
655 L Palisades Creek 4.06 4 9698 3492 84 293 4023 1195
655 R  Lava Canyon 54.71 5 38846 13531 9.6 121 15127 1756
66.3 L - 1.15 2 4718 1963 8.1 275 1931 841
66.3 R - 147 4 6004 2411 9.9 79 2414 774
66.8 L  Espejo Creek 1.73 3 6526 2832 10.7 281 2897 1109
672 L  Comanche Creek 5.40 3 11552 4082 8.7 295 4506 1351
67.6 R - 1.22 3 4449 1694 6.2 108 1609 646
67.8 L - 0.28 2 2906 1260 13.2 306 1287 488
68.0 L - 0.63 2 3800 1596 9.6 300 1770 658
685 L Tanner Canyon 19.25 4 24692 8281 10.6 352 9817 1451
68.8 R - 0.15 1 1841 761 94 154 644 399
69.6 R Basalt Canyon 14.06 4 18845 7647 10.3 142 8690 1355
70.0 L - 474 4 9909 3843 8.0 332 4667 1110
70.3 R - 0.88 3 4288 1905 9.3 157 1931 658
70.7 L - 0.65 2 3796 1559 9.1 344 1609 610
70.9 L  Cardenas Creek 3.87 3 10467 4105 1.1 347 4989 1122
709 R - 245 4 7809 3022 9.6 174 3540 1000
712 R - 1.11 3 5789 2266 11.8 335 2414 695
721 R - 1.16 4 4649 1679 6.7 161 1931 628
72.6 R Unkar Creek 37.26 5 31445 9931 84 140 12231 1676
733 L - 1.32 3 5234 1963 78 327 2092 604
739 R - 3.56 4 9472 3556 95 122 3862 1172
74.5 R - 039 1 2910 1315 9.7 107 1287 561
75.0 L Escalante Creek 4.76 3 9810 4331 89 284 4828 1212
75.0 R - 1.11 3 4353 1681 6.6 121 1770 781
755 L 75 Mile Creek 1147 4 16210 5318 7.5 307 6920 1531
75.5 R - 044 2 3148 1312 94 121 1287 781
76.0 L Papago Creek 657 4 12524 4480 85 344 4828 1463
76.7 L  RedCanyon 1052 4 14622 6097 8.5 11 6920 1438
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- iength mum

River Tributary area, Stream meter,in sion,in Rough- Aspect in relief, in

mile  Side name in km?  order meters  meters ness (degrees) meters meters
769 R - 2.89 3 7521 3130 8.1 189 3540 939
78.0 L  Mineral Canyon 3.58 3 9014 3924 99 4 4506 1244
783 R  Asbestos Canyon 8.71 4 13299 5088 7.8 192 6437 1528
78.7 L  Hance Creck 23.54 4 25018 9481 10.1 11 12874 1530
79.0 R - 1.32 3 5560 2367 10.0 199 2575 963
794 L - 0.51 2 3621 1423 100 6 1609 573
79.6 R - 3.07 3 9090 3927 11.6 207 4345 808
79.7 L - 221 3 6903 2935 9.2 15 3058 843
802 R - 0.26 2 2621 1131 114 152 1287 719
80.6 L Cottonwood Creek 10.14 3 15202 5754 8.6 7 6759 1332
812 R Vishnu Creek 13.56 3 20657 8429 12.8 223 11587 1646
81.5 L  Grapevine Creek 30.82 4 28223 8671 79 30 11265 1527
81.6 R - 7.01 4 13234 5620 10.6 211 6920 1536
822 R - 1.17 3 4428 1805 69 200 1931 866
823 L - 1.09 3 4689 1989 8.6 26 2092 768
8238 L  Boulder Creek 5.38 4 10106 3971 75 45 4345 1268
83.1 L - 1.03 2 5080 2214 109 46 2253 1006
83.6 R - 4.67 3 9636 3904 8.1 242 4184 1317
839 L  Lonetree Canyon 2.61 2 6975 2840 7.6 48 3219 1049
4.1 R  Clear Creek 93.14 4 46558 17693 8.8 213 22208 1853
84.5 L - 0.62 1 4171 1814 122 45 1770 876
84.6 R Zoroaster Canyon 4.10 3 11033 5012 13.5 191 5311 1558
85.0 L - 0.36 2 2737 1203 9.2 355 1287 770
85.0 R - 094 3 4495 1758 85 206 1931 866
85.6 L  Cremation Creek 12.07 4 15316 5689 72 17 6115 1481
85.7 R - 217 3 6843 2826 89 224 3058 1146
86.7 R - 3.79 4 8720 3515 8.1 221 3862 1440
86.9 L - 0.12 1 1629 716 9.6 345 644 457
872 L - 1.05 3 5053 2025 9.7 355 2253 856
87.8 R Bright Angel Creek 260.33 5 78939 27457 83 191 29611 2063
87.9 L - 1.89 3 5798 2102 6.5 350 2253 890
88.9 L  Pipe Creek 1731 5 20995 6150 75 5 6759 1484
88.9 R - 227 3 6291 2373 6.6 17 3219 915
89.3 R - 093 2 4438 1771 84 158 1931 867
90.2 L  Hom Creek 4.28 3 8761 3502 7.2 29 3862 1434
91.1 R 91 Mile Creek 5.69 3 10555 3620 6.7 218 4506 1390
91.5 R Trinity Creek 20.05 5 20366 6927 7.0 169 9334 1611
92.0 R - 122 3 4650 1755 6.7 145 1931 892
92.7 L  Salt Creek 322 2 8309 3477 9.0 343 3540 1426
933 L - 0.87 3 4241 1820 89 328 1931 1024
93.5 L  Monument Creek 9.73 3 12577 4664 6.0 359 4989 1413
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Appendix 3. Seiected dralnage basin characterlstics for 529 geomorphlcally-significant tributaries of the
Colorado River In Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxl-
age Peri- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough- Aspect in rellef, In

mile  Side name in km?  order meters  meters ness (degrees) meters melers
935 R - 227 3 6180 2540 6.9 193 2736 1113
94.3 L - 0.51 2 2795 1019 5.6 244 1127 673
94.3 R 94 Mile Creek 942 4 13987 5537 8.2 190 5954 1309
95.0 L Hermit Creek 31.98 4 28991 9252 84 11 11426 1379
95.6 L Travertine Canyon 3.84 3 8896 3620 84 38 3862 1324
96.0 R - 2.38 3 7600 3285 8.7 220 3540 964
96.7 L Boucher Creek 16.79 4 17378 6249 6.5 54 6920 1305
974 R - 344 4 7680 3124 7.0 249 3540 1161
98.2 L  Slate Creek 12.12 4 17156 7032 10.0 56 6920 1305
98.2 R Crystal Creek 111.64 6 54463 22787 11.1 217 26393 2008
99.3 R  TunaCreek 59.62 5 57831 23378 227 203 29450 2036
99.6 L - 0.83 3 4131 1430 7.1 22 1448 843
99.7 R - 4.96 4 9518 3938 7.6 17 4506 1146
100.6 L Agate Canyon 4.36 4 9244 3582 7.6 18 4023 1223
101.3 L Sapphire Canyon 7.78 3 13323 5700 9.8 35 6115 1317
101.3 R - 2.02 3 5904 2319 6.8 214 2414 939
102.0 L Turquoise Canyon 14.64 4 16114 6111 6.7 214 6920 1329
102.0 R - 029 3 2587 1184 10.6 128 1287 708
102.6 L - 3.62 3 8098 3250 13 83 1931 717
103.0 R - 2.15 3 6375 2601 77 267 2575 1095
103.1 L - 124 3 4665 1990 75 93 1931 1000
103.9 L - 021 2 2165 973 9.8 73 966 719
103.9 R  Emerald Canyon 4.08 3 9229 3548 8.0 267 3862 1201
104.3 R - 1.72 3 6167 2782 10.0 257 3058 1024
104.6 L Ruby Canyon 747 3 12882 5491 95 45 1184 1402
1046 g mg‘}’u‘?{‘h‘;glger 965 5 13935 4953 72 228 5311 1249
104.9 L - 2.12 3 7070 3077 103 64 3380 1402
105.7 L - 1.54 2 6040 2667 104 55 2897 1378
105.7 R - 0.93 3 4111 1733 7.7 247 1770 893
106.0 L Serpentine Canyon 3.96 3 9184 3518 8.2 64 3701 1384
1063 R - 207 3 6448 2722 85 253 2736 1069
107.6 L  Bass Canyon 7.28 3 11862 4895 8.0 4 5633 1170
107.8 R  Hotauta Canyon 7.13 3 11264 4349 6.9 265 4667 1274
108.6 R Shinumo Creek 22198 5 75400 24498 83 232 30738 2134
109.6 R - 0.67 3 3808 1632 9.2 164 1609 894
109.8 L - 1.05 3 4601 2023 8.9 352 1931 929
110.2 L Copper Canyon 6.06 3 10737 4344 (N 13 4828 1256
1102 R - 0.76 3 3933 1710 8.9 193 1770 894
1104 L - 0.25 1 2632 1183 12.6 40 1127 789
110.8 R  Hakatai Canyon 9.48 4 13197 5174 72 201 6598 1643
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the

Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-

age Peri- dimen- iength mum
River Tributary area, Stream meter,in slon,in Rough-  Aspect in relief, in
mile  Slde name in km? order meters  meters ness (degrees) meters meters
111.2 R - 0.68 2 3895 1706 9.8 180 1609 1025
1113 L - 0.52 2 3059 1229 72 338 1287 780
112.2 L - 1.78 2 5396 2037 6.2 314 2253 1026
1122 R Waltenberg Canyon 1427 5 20942 8412 124 195 9173 1658
1125 L - 0.63 2 3608 1482 85 322 2253 915
112.5 R - 1.99 3 6221 2542 8.0 158 2736 1390
113.0 R - 133 3 5272 2055 8.1 144 2092 1019
1133 R - 0.67 2 3543 1347 7.1 102 1127 920
113.6 L - 1.12 2 5102 2253 10.3 274 2414 975
1139 R - 0.53 2 3181 1208 73 90 1287 579
1144 R - 037 3 2643 1055 75 108 1127 832
1145 L  Gamet Canyon 15.83 4 21960 8077 11.2 298 9012 1426
115.1 L - 493 3 10909 4604 10.2 301 5150 1378
1155 L - 4.07 4 9773 3866 93 330 4184 1359
1158 R - 0.67 2 3505 1312 6.9 157 966 838
116.1 L - 1.00 2 5492 2263 124 351 2414 853
116.5 L  Royal Arch Creek 30.86 5 28592 9802 9.1 346 12553 1390
116.8 L - 212 4 6654 2396 75 93 2253 1307
117.7 L - 1.88 3 5816 2168 6.7 95 2253 1285
117.7 R - 0.68 2 4162 1754 10.7 264 1609 850
118.0 R - 1.02 3 5179 1891 9.6 259 1931 844
1183 R - 023 1 2549 1167 12.8 259 1127 780
118.6 L - 024 2 2255 999 9.3 69 966 878
118.7 R - 140 3 5224 2067 7.7 264 2253 933
119.0 R 119 Mile Creek 277 3 8938 3796 123 242 4023 1378
119.2 L - 0.62 1 3998 1444 93 47 1448 878
119.2 R - 1.86 3 7821 3535 149 226 4023 1134
119.7 R - 051 1 3634 1645 11.8 230 1770 853
120.1 R  Blacktail Canyon 24.15 5 27980 12178 14.1 228 13357 1695
120.6 L - 1.73 2 6334 2443 89 351 2575 963
120.8 L - 040 2 2585 1059 6.8 15 1127 817
1217 L - 7.96 3 13205 5237 8.7 347 5472 1305
1222 R 122 Mile Creek 8.03 4 14702 6297 11.5 226 6115 1390
1223 L - 239 3 6920 2869 83 2 3219 1328
1225 L - 044 1 3470 1555 122 15 1448 841
122.7 L  Forster Canyon 10.04 5 14155 4669 6.6 28 6759 1328
123.1 L - 0.19 1 2224 1025 122 53 966 817
1233 L - 042 1 3495 1600 133 80 1448 896
1235 L - 229 3 6494 2463 7.0 70 2575 1278
123.6 L - 0.21 2 2274 936 10.0 83 805 780
124.0 L - 097 3 5408 2252 125 78 2092 1292
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Tributary area, Stream meter, in sion,in Rough- Aspect in reiief, in

mile  Side name in km?  order meters  meters ness (degrees) meters meters
1244 L - 3.06 3 7323 2758 6.6 87 2897 1280
125.0 L Fossil Canyon 34.39 5 28822 10472 8.8 167 13518 1426
125.5 R - 030 2 2953 1325 13.0 341 1287 829
125.6 L - 0.29 1 3186 1421 15.6 175 1448 866
125.8 R - 444 4 11008 4274 10.6 293 4506 951
126.3 L - 0.53 3 4091 1838 14.1 155 2897 914
126.6 R - 0.29 2 3316 1357 15.8 287 1287 792
126.7 R - 0.10 1 1844 835 14.9 321 966 671
126.9 L - 0.57 2 3573 1560 99 282 1770 916
126.9 R 127 Mile Creek 6.09 4 13581 5847 130 120 6437 1475
127.2 R - 0.65 2 3964 1800 109 270 1770 866
1273 L - 0.76 3 3967 1639 85 92 1770 1317
127.5 R - 0.98 2 5118 2289 12.0 288 2414 890
127.6 L “127.6 Mile Creek” 1.75 3 6313 2240 8.1 1 1609 917
1279 L - 098 2 5260 2199 11.7 136 1770 1317
128.5 R 128 Mile Creek 793 4 17204 7130 155 299 8047 1561
129.0 L Specter Chasm 8.25 5 12050 4305 63 130 3540 1439
130.0 R  “130 Mile Creek” 6.40 3 13931 5907 129 326 6598 1561
130.5 R Bedrock Canyon 21.14 5 22243 8432 8.9 284 8690 1725
1309 L - 201 3 5977 2548 7.6 127 2575 1439
131.1 R - 1.69 2 6682 2913 11.6 290 3058 1012
131.7 R  Galloway Canyon 12.27 4 17039 6687 9.3 273 8529 1729
1319 R  Stone Creek 6.76 4 12402 5461 10.0 250 5954 1661
1323 L - 0.83 3 4400 1827 9.6 70 1931 1049
1325 L - 0.16 2 1979 880 11.0 1 805 344
133.0 L - 2.52 3 7551 3132 94 52 3540 1451
133.0 R 133 Mile Creek 6.63 4 11396 4294 14 250 4667 1317
1334 L - 0.31 2 2808 1264 113 56 1287 878
133.8 R Tapeats Creek 216.34 5 76122 29578 104 263 34278 2206
134.2 L - 1.18 3 6110 2765 14.3 14 2736 1414
134.2 R  Bonita Creek 573 4 12218 4653 99 193 5633 1146
1343 L - 4.64 4 10908 3819 9.0 4“4 5311 1463
134.8 R - 0.86 3 4096 1414 6.7 230 1287 800
1354 R - 022 3 2279 972 10.0 225 1127 724
1359 L - 1.60 3 6638 2703 11.2 1 2897 1398
136.2 R Deer Creek 43.63 5 34648 11219 8.9 214 14645 1683
136.5 L - 0.07 1 1341 625 119 10 644 543
136.7 L - 4.07 3 8750 3252 7.0 10 3540 1398
136.8 L - 041 1 2742 1130 7.6 48 644 780
137.6 L - 0.11 1 1682 793 12.7 28 644 744
137.7 R - 0.78 2 4097 1503 79 239 1287 829
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River In Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough- Aspect in relief, in

mile  Side name in km?2  order meters  meters ness (degrees) meters meters
137.8 L - 0.81 2 4285 1824 9.6 7 1609 853
138.3 L - 0.53 1 3933 1610 119 12 1609 841
1384 L - 0.17 1 2019 874 103 10 805 744
138.5 R - 520 3 11304 4606 10.0 220 4667 893
138.9 L - 144 1 6770 2756 13.0 5 3058 911
139.1 R Fishtail Canyon 19.63 5 18511 6604 62 189 8851 1353
139.5 R - 0.26 1 2722 1162 120 171 1127 780
139.9 L 140 Mile Canyon 25.76 5 24324 9083 8.6 181 9817 1426
1399 R - 0.65 1 3354 1346 69 353 1609 831
140.9 L - 0.59 2 3459 1303 7.7 354 1287 792
141.3 L - 0.88 2 4322 1837 9.0 174 1931 808
1413 R - 2.08 3 6511 2650 83 196 2897 1256
143.1 L - 342 3 8837 3359 8.7 312 3540 808
144.2 R - 1.06 3 4131 1688 6.6 161 1609 1170
144.8 R - 7.14 5 10818 3741 57 130 3701 1188
145.0 L - 0.19 2 2219 958 112 295 966 585
145.6 L  Olo Canyon 3295 5 25374 9580 74 297 11104 1353
1479 L  Matkatamiba Canyon 86.84 5 41877 14873 72 318 20760 1366
148.5 L - 2.81 3 7256 2443 6.3 28 2736 758
148.6 L - 0.72 2 4551 1865 11.7 73 1770 729
149.7 R 150 Mile Canyon 81.04 5 43821 16003 8.7 116 14001 1246
1524 R - 1.60 3 5090 2003 6.4 95 1931 1128
153.1 L - 0.70 2 4466 1905 12.1 252 1931 705
153.3 L  Sinyella Canyon 12.28 4 17916 7231 10.6 304 7403 1270
1535 L - 0.50 1 3147 1344 84 330 1609 695
153.8 L - 0.90 2 4300 1822 8.7 341 1931 707
1539 L - 022 2 2899 1301 17.5 360 1448 671
155.6 R - 5.49 6 9450 3415 59 151 2897 1196
157.6 R - 11.11 5 15353 4961 6.9 147 4828 1248
158.2 R - 240 3 6473 2278 6.1 299 1931 1207
159.2 L - 5.12 4 10408 3444 70 308 4023 1195
159.5 L - 3.13 4 7420 2957 7.0 344 2897 1195
159.6 L - 1.28 2 5012 1883 74 189 2092 1048
160.8 R - 337 4 9571 3386 9.6 179 3380 1219
161.6 L - 15.18 5 19719 8026 104 325 8690 1231
1633 R - 1.29 3 4873 2089 79 205 2092 1109
163.8 L - 2891 4 28441 11581 114 330 13518 1276
164.5 R Tuckup Canyon 175.68 6 60588 17294 6.0 163 18829 1443
166.4 L  National Canyon 407.12 6 133885 53891 17.7 12 67108 1542
167.0 L - 2.16 3 6631 2585 79 336 2897 835
167.2 L - 6.08 3 10555 4452 1.7 11 4506 1280
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-

Drain- mum age Maxi-
age Peri- dimen- length mum

River Tributary area, Stream meter,in sion,in Rough- Aspect in relief, in

mile  Side name in km?2  order meters  meters ness (degrees) meters meters
168.0 R Fem Glen Canyon 39.97 6 30011 9826 74 130 13518 1408
168.3 R - 2.58 3 7053 2761 7.6 115 2897 842
169.8 L - 3.86 4 9575 4007 9.9 330 4023 1305
170.2 L - 7.49 3 16451 6745 14.8 351 7564 1369
171.1 R  Stairway Canyon 797 5 12523 4500 7.1 179 4828 1378
1715 L Mohawk Canyon 214.40 6 96176 36474 164 17 40554 1645
1721 L - 053 2 3444 1433 9.4 5 1609 817
172.7 L - 328 3 7729 2943 6.9 9 2736 902
173.0 L - 1.80 3 5694 2355 75 21 2575 897
173.0 R BigCove 2.02 4 5707 2313 6.5 208 2253 1280
174.0 R - 0.46 2 3360 1438 104 204 1127 878
1744 R  Cove Canyon 26.62 5 22017 7117 59 181 4828 1437
1754 R - 1.82 4 6290 2722 9.4 138 2736 1390
1759 L - 2271 3 27952 10409 12.8 350 12231 1508
176 .4 R  Saddle Horse Canyon 3.80 3 9941 3826 10.0 139 4023 1406
177.1 L - 5.00 3 11180 4262 9.5 317 4667 1451
1717 L - 6.68 4 11444 4610 79 347 4667 1467
178.6 R - 379.22 5 106372 32748 9.2 179 35887 1947
1791 R - 1.83 2 7221 3071 12.1 160 3540 1049
1794 L  Prospect Canyon 257.22 5 125599 40258 19.7 11 42646 1747
179.4 R - 24.74 4 30082 10822 132 134 13196 1848
179.8 R - 1.23 2 5346 2050 89 161 2414 823
180.8 L - 097 2 4354 1756 79 338 1127 722
1809 R - 1093 5 13650 5196 6.5 164 5150 1294
181.8 R - 12.77 4 18597 6589 9.6 133 5633 1440
182.5 R - 0.58 2 3987 1665 11.5 158 1448 757
182.6 L  Hell’s Hollow 23.12 4 23562 8943 9.1 353 9173 1466
183.1 L - 7.60 4 11385 4112 6.2 10 4506 1424
183.7 L - 1.60 3 7054 3088 13.6 27 3380 888
184.0 R - 0.70 2 6356 27117 248 184 2253 956
184.5 L - 0.28 2 2624 1182 109 326 966 744
184.6 L - 056 3 4067 1835 134 351 1609 829
184.6 R - 197 2 6896 2800 9.8 166 2575 1069
185.3 R - 335 3 10085 4285 12.9 163 4345 1152
186.1 L - 732 3 15957 6115 133 328 5954 1458
186.2 L - 142 3 5883 2381 9.8 343 2253 940
187.0 L - 2.09 4 6327 2444 74 335 2736 940
187.0 R - 3.15 3 8989 4017 11.5 191 4184 914
187.4 R - 793 4 15620 6728 133 193 7725 1338
187.6 R - 096 2 6305 2761 182 112 644 293
188.1 R Whitmore Wash 312.28 5 101032 30899 10.0 163 27841 1910
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Appendix 3. Selected drainage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-

Draln- mum age Maxi-
age Perl- dimen- length mum

River Tributary area, Stream meter,in sion,In Rough- Aspect in rellef, In

mile  Side name in km?  order meters  meters ness (degrees) meters meters
1885 R - 3.76 4 8102 2918 63 82 2092 669
189.5 L - 1.46 3 5938 2097 85 231 1931 942
189.7 L - 1051 4 16171 5935 9.1 275 7725 1479
190.3 L - 24.22 4 25075 9568 99 313 10300 1544
190.8 L - 0.45 3 3314 1341 9.8 308 1287 721
190.8 R - 254 4 7201 2739 78 138 2414 673
191.1 R - 4.86 3 11932 4561 112 122 4506 1012
191.2 L - 1.20 3 6021 2485 124 281 2414 1000
191.8 L 192 Mile Canyon 16.25 4 20522 7115 9.0 320 10139 1597
192.8 L 193 Mile Creek 57.89 5 41751 12193 8.8 4 15288 1634
193.1 R  Boulder Wash 1.84 3 6137 2310 1.7 198 2736 790
193.7 L - 0.60 3 3606 1564 94 344 1770 671
194.0 R - 097 3 4550 1725 8.1 163 1770 744
194.1 L - 295 4 8983 3735 11.4 354 4023 1244
1945 L 194 Mile Canyon 8.64 4 15377 6239 11.1 21 7725 1463
194.6 L - 130 3 6513 2868 144 43 2897 825
194.9 R - 049 3 3179 1305 85 210 1448 n9
1952 L - 054 2 3390 1414 89 39 1448 780
1953 R - 0.56 3 3362 1448 8.8 240 1448 719
196.0 R - 3.67 4 9473 3198 83 232 3058 861
196.1 R - 18.23 5 19942 6058 6.6 175 7403 1175
196.5 L 196 Mile Creek 11.74 5 16563 6323 89 6 6598 1042
196.6 R - 0.89 3 5080 1963 113 168 2253 732
196.7 R - 0.64 3 4096 1876 12.0 168 1931 732
197.0 L - 0.22 2 2006 710 6.3 18 805 658
198.0 R - 2.26 3 6040 2180 58 186 2253 744
198.5 L - 1.82 3 6771 2533 94 316 2414 T4
198.5 R Parashant Wash 934,12 6 166947 44223 79 139 63889 1607
198.8 L - 0.19 2 1872 827 82 310 644 536
198.8 R - 2.09 3 7739 3059 114 117 3219 1036
199.5 R - 093 3 4313 1427 6.6 130 1609 829
200.0 R - 0.30 3 2363 899 7.0 135 805 786
200.3 R - 0.98 2 5818 2364 14.1 135 2414 853
200.9 R - 1.11 2 7009 3077 194 140 2414 853
201.1 L - 0.87 3 5042 1860 108 300 3380 1109
201.1 R - 4.76 4 9903 4004 8.3 130 2092 834
2020 R - 1099 4 15251 5915 82 117 4023 1097
202.1 L - 055 2 3671 1426 9.5 285 6437 1490
2024 R - 0.94 3 4683 1906 9.5 97 1770 779
202.5 R - 141 4 7108 2676 135 ! 2414 963
203.0 L - 094 3 4684 2006 10.0 234 3058 1073
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Appendix 3. Selected dralnage basin characteristics for 529 geomorphically-significant tributaries of the
Colorado River in Grand Canyon—Continued

Maxi- Drain-
Drain- mum age Maxl-
age Peri- dimen- length  mum
River Tributary area, Stream meter,in sion,in Rough- Aspect In rellef, In
mile Side name in km?2  order meters  meters n<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>